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I. REAL PARTY IN INTEREST 

The real parties in interest are the assignee, Board of Regents, University of Texas 
System, Austin, TX, and the licensee, Introgen Therapeutics, hic, Austin, Texas. 

IL RELATED APPEALS AND INTERFERENCES 

There are no interferences or appeals for related cases. 

in. STATUS OF THE CLAIMS 

Claims 1-30 were filed with the original application. Serial No. 07/960,513, on October 
13, 1992, and claims 31-65 were subsequently added by amendment in the parent case. The 
original application is a CIP of 07/665,538, filed on March 6, 1991. This application is a 
continuation of the original application. 

In a Preliminary Amendment filed with this application, claims 1-65 were canceled and 
claims 66-85 were added. In a Response under 37 C.F.R, § 1.116 to the Office Action dated 
August 14, 2000, claims 66, 68-85 were cancelled and claim 67 was amended. In a PreUminary 
Amendment filed with a Continued Prosecution Application on May 13, 2002, claims 86-89 
were added. Thus, claims 67 and 86-89 are pending and appealed. A copy of the appealed 
claims is iattached as Exhibit 1 to this brief 

IV. STATUS OF AMENDMENTS 

Appellant filed a preliminary amendment on May 13, 2002, with a Continued Prosecution 
Application, which the Office Action indicates has been entered, as is show in the pending 
claims attached as Exhibit 1 . No additional amendments have been made herewith. 
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V. SUMMARY OF THE INVENTION 

The present invention is drawn to an adenovirus vector with a wild type p53 gene under 
the control of a CMV promoter. Specification at page 15, lines 3-5.^ Other aspects of the 
invention are directed to an adenovirus vector with a wild type p53 gene under the control of a 
promoter. The promoter may be a jS-actin promoter, a SV40 promoter, or a RSV promoter. 
Specification at page 14, lines 27-35 through page 15, lines 1-5. 

VI. ISSUES ON APPEAL 

• Is claim 67 properly rejected over claims 22, 29, and 32-34 of AppUcation No. 
09/668,532 as impatentable under the judicially created doctrine of obviousness- 
type double patenting? 

• Are claims 67 and 86-89 properly rejected over claims 1-3, 5, 8-10, 12, and 15-18 
of U.S. Patent No. 6,410,010 as unpatentable under the judicially created doctrine 
of obviousness-type double patenting? 

• Are claims 67, and 86-89 properly rejected for lack of written description under 
35 U.S.C. §112, first paragraph, and thus properly denied the benefit of its 
October 23, 1992 priority date? 

• Are claims 67, and 86 properly rejected under 35 U.S.C. § 102(b)? 

• Are claims 86-89 properly rejected for obviousness under 35 U.S.C. § 103(a)? 

VIL GROUPING OF THE CLAIMS 

The claims do not stand or fall together. Claims 67, 87, 88, and 89 each recite a different 
promoter, while claim 86 recites a promoter but does not recite a specific promoter. All of the 
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claims have been rejected as lacking an adequate written description and as obvious. Claim 86 
stands separately from claims 67, 87, 88, and 89 because it does not recite a specific promoter, 
and thus, the written description requirement for it is different than the claims that do recite a 
specific promoter. Furthermore, claim 86, unlike claims 87, 88, and 89, has been rejected as 
anticipated over the reference of Liu et al Therefore, claim 86 stands or falls sq)arately from 
claims 67, 87, 88, and 89. 

Claims 67, 87, 88, and 89 each have a different set of references cited again them in 
rejecting them as obvious. The arguments with respect to each set is different and thus, the issue 
of patentability is different. Therefore, each of claims 67, 87, 88, and 89 stands or falls 
separately from the other claims. 

Vni. SUMMARY OF THE ARGUMENT 

The claims should not be rejected under the obviousness-type double patenting rejection 
because the cited patent and patent application have a priority date after the claimed priority date 
of the present application, and thus, the submission of terminal disclaimers is not appropriate. 

It is the Examiner's position that the claims are not fiiUy described and that the 
application is not entitled to its priority date. Of particular concem is a adenovirus vector 
comprising a wild type p53 gene under the control of a promoter or of a specific promoter. 
However, Appellant was in possession of the adenovirus vector comprising a wild type p53 gene 
under the control of a promoter at the time of the invention. Portions of the specification make 
this clear, as does the submitted declaration of Lou Zumstein, Ph.D., a person of ordinary skill in 
the art. Thus, the claims are supported by an adequate written description and they are entitled to 
the benefit of this application's priority date. 
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Some of the claims have been rejected as anticipated based on the Liu et al reference. 
This reference, however, is not prior art against the claims because the claims are entitled to the 
benefit of their priority date. 

All of the claims have been rejected as obvious in view of different sets of references. 
The rejections are improper because there is no motivation or suggestion to combine references 
to teach all of the elements of the clauned invention. As such, the claims are not obvious. 
IX. ARGUMENT 

A, ^'Substantial Evidence" Required 

As an initial matter, Appellants note that findings of fact and conclusions of law by the 
U.S. Patent and Trademark Office must be made in accordance with the Administrative 
Procedure Act, 5 U.S.C. § 706(A), (E), 1994. Dickinson v. Zurko, 527 U.S. 150, 165 (1999). 
Moreover, the Federal Circuit has held that fmdings of fact by the Board of Patent Appeals and 
Interferences must be supported by "substantial evidence" within the record. In re Gartside, 203 
F.3d 1305, 1315 (Fed. Cir. 2000). In In re Gartside, the Federal Circuit stated that "the 
^substantial evidence' standard asks whether a reasonable fact finder could have arrived at the 
agency's decision." M at 1312. Accordingly, it necessarily follows that an Examiner's position 
on Appeal must be supported by "substantial evidence" within the record in order to be upheld 
by the Board of Patent Appeals and Interferences. 

B. Provisional Obviousness-Type Double Patenting Rejection over 09/668,532 

The Action provisionally rejects claim 67 under the judicially created doctrine of 
obviousness-type double patenting as being xmpatentable over claims 22, 29, and 32-34 of co- 
pending Application No. 09/668,532 ('532 appHcation) (INRP:005USC2). A terminal 
disclaimer is submitted herewith (Exhibit 2); accordingly, this rejection should be withdrawn. 
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C. Obviousness-Type Patent Rejection ver U^S, Patent No. 6,410,010 

The Action provisionally rejects claims 67 and 86-89 under the judicially created doctrine 
of obviousness-type double patenting as being unpatentable over claims 1-3, 5, 8-10, 12, and IS- 
IS of issued U.S. Patent No. 6,410,010. A terminal disclaimer over this patent is included 
herewith (Exhibit 3); accordingly this rejection should be withdrawn. 

D, Claims 67, and 86-89 Are Properly Described 

The Action rejects claims 67 and 86-89 as containing subject matter that was not 
described in the specification in such a way as to reasonably convey to one skilled in the relevant 
art that the inventor, at the time the application was filed, had possession of the claimed 
invention. The Action argues that the claims contain "subject matter which was not described in 
the specification in such a way as to reasonably convey to one skilled in the relevant art that the 
inventor(s), at the time the application was filed, had possession of the claimed invention." 
Action at page 5. The Action also contends that the instant specification does not contemplate 
adenoviral vectors comprising a wild type p53 gene operably linked to a promoter or to a specific 
promoter. The Action admits there is "generic disclosure to other promotor/vector constructs" 
but contends that there is no specific disclosure of another vector construct. The Action then 
separately considers each passage fi-om the Specification cited by the Appellant and concludes 
the passages fails "to provide written description for the claimed invention." It further alleges 
that at no place in the specification is the invention clearly set forth so that the reader would 
realize what the Appellant perceived as his invention at the time of filing. Appellant respectfiiUy 
traverses this rejection. 
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The written description requirement is whether the "description clearly allows persons of 
ordinary skill in the art to recognize that he or she invented what is claimed." MPEP 2163.02 
(citmg In re Gosteli, 872 F.2d 1008, 1012, 10 U.S.P.Q.2d 1614, 1618 (Fed, Cir. 1989)). 
Appellant contends that it is clear that the specification describes what is claimed in rejected 
claims 67, 86-89. The claims are generally directed to an "adenovirus vector comprising a wild 
type p53 gene imder the control of a promoter." The written description of this appUcation 
supports this claim and claims 67 and 87-89, which recite specific promoters. The specification 
makes clear that the inventor was in possession of the claimed invention: 

• "In one specific embodiment, the invention concerns vector constructs for 
introducing wild type p53 genes (wt-/?5i) into affected target cells suspected of 
having mutant p53 genes. These embodiments involve the preparation of a gene 
expression unit wherein the vd-pSS gene is placed under the control of the jS-actin 
promoter, and the xmit is positioned in a reverse orientation into a retroviral 
vector." Specification at page 9, lines 6-12. 

• In Example IE, "The p53 cDNA with its /3-actin promoter was cloned into 
the LNSX retroviral vectors in both orientations." Specification at page 61, lines 
29-30 (emphasis added). 

• "While this affect [sic] was observed using the jS-actin promoter and a 
retroviral expression vector, the inventors beheve that this phenomenon will be 
applicable to other promoter/vector constructs for application in gene therapy'' 
Specification at page 8, line 25 to page 9, line 4 (emphasis added). 

• "In addition to retroviruses, it is contemplated that other vectors can be 
employed, including adenovirus...'' Specification at page 14, lines 21-23 
(emphasis added). 

• "While the /J-actin promoter is preferred, the invention is by no means 
limited to this promoter and one may also mention by way of example promoters 
derived fi-om RSV, N2A, LN, LNSX, LNSN, SV40, LNCX or CMV." 
Specification at page 15, lines 1-4 (citations omitted) (emphasis added). 

• ''Generally speaking, such a promoter might include either a human 
cellular or viral promoter. While the jS-actin promoter is preferred the invention is 
by no means limited to this promoter...." Specification at page 14, line 3 5 -page 
15, lines 2 (emphasis added). 
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• While the retroviral construct aspect of the invention concerns the use of 

a iS-actin promoter in reverse oriaitatidiir there is no limitation on the nature of the 
selected-gene which one desires .to' have expressed. Thus, the invention concerns 
the use of antisense-encoding constructs as well as ^ sense' constructs that encode 
d desired piioiein"" Specification at pageJ6, lines 5-10. 

Therefore, the Specification makes clear that 1) p53 sense constructs are contemplated in 
both orientations; 2) any discussion about antisense constructs applies to "sense" constructs such 
as p53; 3) constructs can be retroviral, but they may also be adenovirus constructs, and thus, are 
not limited to retroviruses; 4) promoters are discussed both generally and in the context of 
antisense constructs, in addition to CMV, RSV, and SV40 being specifically mentioned; and 
finally, 5) because an adenovirus can be used instead of retrovirus and since constructs are not 
limited to antisense constructs, applying equally to sense constructs, there is adequate written 
description for an "adenovirus vector comprising a wild type p53 gene under the control of a 
promoter," as well as for vectors with a CMV promoter. 

In addition to the Declaration of Dr. Lou Zumstein (Exhibit 4), submitted with the 
Response filed on October 18, 2001, Appellant submitted the Declaration of Dr. PhiUp Hinds 
(Exhibit 5) with the CPA filed on May 13, 2002. Both of these constitute evidence fi-om a 
person of ordinary skill in the art to support the contention that the Appellant was in possession 
of the claimed invention at the time the priority application was filed. Appellant contends that 
the Action has not rebutted the evidence submitted by persons of ordinary skill in the art to 
maintain the rejection of these claims. Evidence, as opposed to examiner argument, should be 
required to meet the "preponderance of the evidence" standard set forth in MPEP § 2163.04. 
The declarations and the identified portions of the specification show the written description 
requirement has been met. Accordingly, Appellant respectfiiUy requests this rejection be 
withdrawn. 
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The Action contends that in the places where adenoviras or promoters claimed are 
disclosed, "each such disclosure is within the context of antisense RNA production." Office 
Action page 6. Appellant denies that adenoviruses are discussed in the appUcation only in the 
context of antisense embodiments. The paragraph in which the Specification discloses that other 
vectors such as adenovirus can be used instead of a retrovirus begins, "In broader aspects of the 
invention, a preferred ^proach will involve the preparation of retroviral vectors which 
incorporate nucleic acid sequences encoding the desired construct, once introduced into the cell 
to be treated...." Specification at page 14, lines 9-12. The use of adenovirus is discusses in the 
context of "broader aspects of the invention," and retroviruses and antisense constructs are but 
examples of aspects of the invention. Similarly, as quoted above, the following paragraph 
discussing promoters indeed recites particular embodiments of the invention, such as antisense; 
however, it says, ''Generally speaking, such a promoter might include either a hmnan cellular or 
viral promoter. While the jS-actin promoter is preferred the invention is by no means limited to 
this promoter...." Specification at page 14, Une 35-page 15, lines 2 (emphasis added). 

Because the Specification indicates to a skilled artisan that the inventor was in possession 
of the claimed invention at the time the application was filed. Appellant respectfiilly requests this 
rejection be withdrawn. Furthermore, because the application complies with 35 U.S.C. §112, the 
claims are entitled to the benefit of their priority date of October 13, 1992, 35 U.S.C. 120. 

E. Claims 67 and 86 Are Not Anticipated under § 102 (b) 

The Action rejects claims 67 and 86 as unpatentable over Liu et aL (1994) ("Liu") 
(Exhibit 6) based on 35 U.S.C. § 102(b). It contends that Liu anticipates the claimed invention. 
Appellant respectfiilly traverse this rejection. 
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The present application claims priority to 07/960,513 ('513 application), filed October 
13, 1992. Moreover, the Action levies a written description rejection based on the '513 
^plication. Appellant once again asserts a claim of priority for the present ^plication to the 
'513 application. As is discussed above. Appellant is entitled to a priority date of October 13, 
1992. 

Accordingly, claims 67 and 86 are not anticipated by Liu because it is not prior art 
against the claimed invention. Liu was published in 1994, while the present application is 
entitled to a priority date that precedes the Liu pubUcation date. Because Liu is not prior art 
against the appUcation, it cannot anticipate the claimed invention. Consequently, Appellant 
respectfully requests this rejection be withdrawn. 

F, Claims 86-89 Are Nonobvious under 35 U.S.C, § 103 (a) 

The Action rejected claims 86-89 under 35 U.S.C. § 103 (a) as being unpatentable over 
Chen et al (Chen) (Exhibit 7) in view of Wilkinson et al (Wilkinson) (Exhibit 8), CoUcos et al 
(Cohcos) (Exhibit 9), Rajan et al (Rajan) (Exhibit 10), and Hitt et al (Hitt) (Exhibit 11). It 
alleges that the Chen references teaches that wild-type p53 is expressed in transduced cells and 
that these cells fail to form tumors in nude mice. The Action admits that this reference does not 
teach an adenoviral vector comprising a wild-type p53 gene under the control of a promoter, but 
instead, relies upon Wilkinson as allegedly teaching an adenovirus expression system utilizing a 
CMV promoter to regulate expression of lacZ, The Action also contends that Colicos teaches an 
adenovirus vector containing the RSV promoter, that Rajan teaches an adenoviral vector 
containing an SV40 promoter, and that Hitt teaches an adenovirus vector with a human actin 
promoter. The Action further argues that the motivation to make the claimed vectors is provided 
by the Chen reference's statement that expression of p53 in cells lacking functional p53 reverts 
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the cells' transformed phenotype and suggests possible clinical use of p53 gene replacement. 
Appellant respectfully traverses this rejection. 

The Federal Circuit held in In re Mills, 916 F.2d 680, 682 (Fed. Cir. 1990), that the mere 
fact that combination or modification of a reference or references is possible does not establish 
obviousness of the resultant combination unless the prior art also suggests the desirability of the 
combination, /.e., unless the prior art provides motivation to produce the resultant combination. 
Id,\ see also MPEP § 2143.01, page 2100-91. Alternatively, Federal Circuit caselaw requires 
motivation to combine references. 'To combine references (A) and (B) properly to reach the 
conclusion that the subject matter of a patent would have been obvious, case law requires that 
there must be some teaching, suggestion, or inference in either reference (A) or (B), or both, or 
knowledge generally available to one of ordinary skill in the relevant art that would lead one 
skilled in the art to combine the relevant teachings of references (A) and (B)." Ashland Oil Inc. 
V. Delta Resins & Refractories, Inc., 116 F.2d 281, 227 U.S.P.Q. 657 (Fed. Cir. 1985). The 
Action has not satisfied either. It provides neither the basis for combining the Chen reference 
with the Wilkinson reference or the basis for combining the adenovirus vector of Wilkinson with 
the wt p53 gene of Chen. The Chen reference purportedly discloses a retroviral vector 
comprising a wild-type p53 gene sequence. The Action states, "Motivation is provided by Chen 
et al stating that expression of p53 in cells [sic] Saos cells which lack functional p53 reverts the 
transformed phenotype, and that such suggests possible clinical use of p53 gene replacement." 
This basis is simply not sufficient for a prima facie case of obviousness. This is particularly true 
given that there is no cited evidence that a person of ordinary skill in the art would have 
considered using adenovirus in a therapeutic context. As discussed in the Chen reference {e.g., 
page 1579), retroviruses integrate into the genome, unlike adenoviruses. Thus, Chen mentions 
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rq)lacing mutated tumor suppressors with wild-type versions, which is possible in the context of 
retroviruses, but not adenoviruses. Chen reference at page 1579 ('These shared properties of RB 
and p53 reinforce the tumor suppressor gene concept, including the possible clinical use of their 
replacement in appropriate tumor cells.") (Emphasis added.) There is no suggestion in any of 
the cited references that one should substitute the retroviral vector of Chen with the adenoviral 
vector of Wilkinson for the p53 construct, any more than there is the suggestion to make the 
retroviral vector of Chen with the lacZ gene of Wilkinson. Accordingly, there is no evidence that 
a person of ordinary skill in the art would have combined the expression of p53 from the Chen 
reference with the use of an adenovirus from the Wilkinson reference. 

Furthermore, "[i]t is impermissible within the framework of 35 U.S.C. § 103 to pick and 
choose from any on reference only so much of it as will support a given position to the exclusion 
of other parts necessary to the full appreciation of what such reference fairly suggests to one 
skilled in the art." Bausch & Lomb, Inc. v. Bames-Hind/Hydrocurve, Inc., 230 U.S.P.Q. 416 
(Fed. Cir. 1986). 

Once again, Chen allegedly teaches a retrovirus vector with a wild-type p53 gene under 
the control of an LTR promoter; Wilkinson allegedly teaches an adenovirus vector with a lacZ 
gene imder the control of a CMV promoter. The references of CoUcos, Rajan, and Hitt are cited 
respectively for the use of an adenoviral vector comprising an RSV promoter, the use of an 
adenovirus with an SV40 promoter, and the use of an adenovirus widi a jS-actin promoter, hi 
each case the promoter drives the expression of a gene that is not a p53 gene and that is different 
from the other cited references. The Action merely points to references that disclose elements of 
the claimed invention and asserts it would have been obvious to the ordinary artisan at the time 
of the invention to use an adenoviral vector comprising a human wild-type p53 gene operably 
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linked to a specific promoter. Such an artisan would have to pick out p53 as the gene to be 
expressed in an adenovirus vector and under the control of specific promoters. Appellant 
contends that the absence of a suggestion or motivation to combine renders any prima facie case 
of obviousness based on these references to be fatally flawed. There is nothing in Chen that 
suggests or motivates its combination with any of Wilkinson, Colicos, Rajan, or Hitt to produce 
the claimed invention. Furthermore, the references of Wilkinson, Colicos, Rajan, and Hitt do not 
suggest that any of them be combined with Chen. 

If anything, the references of Wilkinson, Colicos, Rajan, and Hitt teach away fi*om the 
claimed invention because they fail to mention p53, and they discuss expression of other genes, 
none of which is a therapeutic gene. In fact, several of the genes were believe to contribute to 
transformation of cells. As the Action acknowledges, Wilkinson teaches the expression of lacZ, 
not p53, under the control of a promoter. Similarly, CoUcos teaches expressing the denV gouG 
product, a DNA glycosylase fi-om bacteriophage T4. Rajan discusses expression of SV40 small- 
t antigen, which is a viral protein fi-om the SV40 virus. Finally, Hitt reports the expression of 
El A, an adenovirus oncoprotein. At the time the application was filed, both El A and small-t 
antigen were known to play roles in cell transformation — a process that is the opposite of tumor 
suppression. See Hitt at page 667 and Rajan at page 6557. 

Patent law states, *The relevant portions of a reference include not only those teachings 
which would suggest particular aspects of an invention to one having ordinary skill in the art, but 
also those teachings which would lead such a person away from the claimed invention." In re 
Mercier, 185 U.S.P.Q. 774, 778 (C.C.P.A. 1975). The relevant portions of the references teach 
away from using adenoviruses to express p53. Thus, there is no suggestion to combine the 
teachings of Chen with any of the references of Wilkinson, Colicos, Rajan, and Hitt. 
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Moreover, because there is no mention of p53 in the context of these references, and thus, 
no motivation or suggestion to combine them with Chen to produce the claimed invention, this 
combination of references does not render obvious the claimed invention. A propGi prima facie 
case of obviousness has not been made. Therefore, this rejection should be withdrawn. 

Accordingly, Appellant contends that the vector claims are patentable over the cited 
references, and respectfully requests the withdrawal of this rejection for claims 86-89. 

X. CONCLUSION 

It is respectfully submitted, in light of the above, that all pending claims are fiiUy 
described and thus satisfy 35 U.S.C. §112, fh-st paragraph; all pending claims are entitled to an 
earUer priority date; and all pending claims are non-obvious over the cited art and thus satisfy 35 
U.S.C. §§ 102 and 103 (a). Therefore, Appellant requests that the Board reverse the pending 
rejections and allow the claims. 

Please date stamp and retum the enclosed postcard to evidence receipt of this document. 



600 Congress Avenue, Suite 2400 

Austin, Texas 78701 

(512) 536-3081 

(512) 536-4598 (facsimile) 

Date: April 3, 2003 



Respectfully submitted, 




Gina N. Shishima 
Reg. No. 45,104 
Attomey for Appellant 



FULBRIGHT & JAWORSKI L.L.P. 
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FXHTBTT1: PENDING CLAIMS 

67. (Amended) An adenovirus vector comprising a wild type p53 gene under the control of a 
CMV promoter. 

86. An adenovirus vector comprising a wild type p53 gene under the control of a promoter, 

87. The vector of claim 86, wherein the promoter is the p-actin promoter. 

88. The vector of claim 86, wherein the promoter is the S V40 promoter. 

89. The vector of claim 86, wherein the promoter is the RSV promoter. 
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Dear Sir: 



I, Louis Zumstein, Ph.D., declare the following: 
1 . I am the Director of Research at Introgen Therapeutics in Hoxiston, Texas. I have 
a Ph.D in Biochemistry and Molecular Biology from Harvard University. I have done 
extensive research on tumor suppressor genes, including p53, and their delivery to cells 
via viral vectors. I have authored five scientific papers on these topics. My curriculum 
vi'rae is attached as Exhibit 1. ' 
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2. I am familiar with the level of skill of scientists working in the field of gene 
therapy as of the October, 1992 priority date of the referenced application, 

3. I have read the specification and pending claims 66-70 (as amended) for the 
above-referenced case. Claim 66 reads, "An adenovirus vector comprising a wild type 
p53 gene under the control of a promoter." Claim 67 reads, "The vector of claim 66, 
wherein the promoter is a CMV promoter. Claims 68-70 cover other promoters, 
specifically p-actin, SV40, and RSV. Claun 71 reads, "The vector of claim 66, wherein 
the wild type p53 gene is a human gene." A copy of these claims are attached as Exhibit 
2. 

4. From reading the specification, it is clear to me that had a person skilled in 
molecular biology and tumor suppressor genes read this specification in October of 
1992, it would readily described to such a person an adenoviral vector encoding the p53 
gene under a promoter, including a CMV, p-actin, SV40, and RSV promoter. This 
understanding is supported by the specifications on page 6, lines 33-35, which states 
"Another important 'oncogene* is the gene encoding p53....one of the most common 
targets for genetic abnormalities in hxmian tumors"; on page 14 lines 22-23, which states 
"other vectors ... including adenovirus and page 15, lines 1-4, which states, "While 
the p-actin promoter is preferred the invention is by no means limited to this promoter, 
and one may also mention by way of example promoters derived firom RSV...SV40...or 
CMV." 

5. I hereby declare that all statements made of my own knowledge are true and all 
statements made on information are believed to be true and fiirther that the statements were 
made with the knowledge that willful false statements and the like so made are punishable 
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by fine or imprisonment or both under § 1 001 of Title 18 of the United States Code, and that 
such willful false statements may jeopardize the validity of this ^plication or any patent 
issued thereon. 
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I, Philip W, Hinds, Ph.D., declare the following: 
1. I am an Associate Professor in the Pathology Department at Harvard Medical 
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level of skill of a person with ordinary skill in the p53 field in the 1992 to 1993 time 
fiame. 

2. I have reviewed the specification of the instant application. 

3. It is my opinion that the specification indicates that the inventors contemplated 
that adenovirus could be substituted for retrovirus as a vector for wild-type p53 imder the 
control of a promoter. I base this conclusion on the wording of the specification, which 
makes it clear that the inventors envisioned and planned for an adenovirus vector 
encoding wild-type p53 under the control of a promoter. In particular, I base my 
conclusions on page 9, lines 6-8 and page 14 lines 21-23 of the specification. 

4. I hereby declare that all statements made of my own knowledge are true and all 
statements made on information are believed to be true and fiirther that the statements were 
made with the knowledge that willfiil false statements and the like so made are punishable 
by fine or imprisonment or both under § 1001 of Title 18 of the United States Code, and that 
such willfiil false statements may jeopardize the validity of this application or any patent 
issued thereon. 
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Growth Suppression of Human Head and Neck Cancer Cells by the Introduction of 
a Wild-Type p53 Gene via a Recombinant Adenovirus^ 

Ta-Jen liu, Wei- Wei Zhang, Dorothy L. Taylor, Jack A. Roth, Helmuth Goepfert, and Gary L. Qayman^ 

Department cf Head and Nedc Surgery [T-J. D. L. H. C. L. C.J, Section of Thoracic Molecular Oncology^ and Department of Thoracic and Cardiovascular Surgery 
fW'W, Z^J,A R.], The University of Texas M. D, Anderson Cancer Center, Houston, Texas 77030 



Abstract 

Matations of the pS3 gene constitute one of the most frequent genetic 
alterations in squamous cell carcinoma of the head and neck (SCCHN). In 
this study, we introduced wild-type pS3 into two separate SCCHN cell 
lines via a recombinant adenoviral vector, Ad5CMV-p53. Northern blot- 
ting showed that following infection by the wild-type p5S adenovirus 
(Ad5CMV>p53), cells produced up to 10-fold bl^er levels of exogenous 
pS3 mRNA than cells treated with vector only (without p53). Western 
blotting showed that the increased levels of p53 protein produced in the 
Ad5CMV-p53-infected cells were a reflection of pS3 mRNA expression. In 
vitro growth assays revealed growth arrest following Ad5CMV-p53 infec- 
tion as well as cell morphological changes consistent with apoptosis. In 
vivo studies in nude mice with established s.c. squamous cardnoma nod- 
ules showed that tumor volumes were significantly reduced in mice that 
received peritumoral infiltration of AdSCM V-p53. These data suggest that 
Ad5CMV-p53 may be further developed as a potential novel therapeutic 
agent for SCCHN since introduction of wild-type p53 into SCCHN cell 
lines attenuates their replication and tumor growth. 

Introduction 

Patients with SCCHN^ are afflicted with a disease process that often 
has profound effects on speech, swallowing, and cosmesis. Furthermore, 
the overall rate of survival among these patients has remained unchanged 
at approximately 45% for nearly 30 years since contemporary surgery 
and radiation therapy were instituted (1). Treatment failures among these 
patients remain local and regional; only 10-15% of patients with the 
disease die of distant metastasis alone (2). 

Although we have gained in understanding of the molecular events 
in the initiation and progression of SCCHN, they continue to require 
intensive investigation. A recent study identifying loss of heterozy- 
gosity of chromosome 9p21-22 as the most frequent genetic alteration 
in SCCHN suggested that this may be an early event in progression 
toward this neoplasm (3). Additionally, amplification and/or overex- 
pression of cellular and nuclear oncogenes, such as c-erB-\ (4), int-2 
. (5), bcl'l (6) and c-myc (7), have been documented in these cancers. 
The turn r suppressor gene p53 has been the subject of immense 
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interest and investigation in recent years. Alterations in the p53 gene, 
including deletion, insertion, and point mutation, are the most frequent 
genetic events in many different carcinomas, such as those of the 
colon (8), breast (9), and lung (10), as well as soft-tissue sarcomas and 
leukemias (11). Several investigators have demonstrated the high 
frequency of p53 gene alterations in SCXIHN (12, 13). 

There is considerable evidence implicating mutations of the p53 
gene in the etiology of many human cancers (14). Reports have 
demonstrated that growth of several different human cancer cell lines, 
including representatives of colon cancer (15), glioblastoma (16), 
breast cancer (17), and osteosarcoma (18), can be functionaUy. sup- 
pressed by DNA transfection or retrovirus-mediated transfer f the 
wild-type p53 gene. This gene may have an important role not only in 
cell growth but in apoptosis (programmed cell death). Induction of 
exogenous expression of wild-type p53 has been shown to induce 
apoptosis in colon cancer cell lines (19) and in human lung cancer 
spheroids (20). 

The adenoviral vector has emerged as a leading candidate for in . 
vivo gene therapy in the past few years. It enjoys an advantage over 
traditional DNA transfection and retroviral transfer in its high effi- 
ciency of transferring potentially therapeutic genes into a wide range 
of host cells (21). The recently created adenoviral vector containing 
wDd-type p53 (Ad5CMV-p53; Ref. 22) provides us with an attractive 
delivery system to investigate the effect of exogenous wild-type p53 
on SCXTHN cell lines both in vitro and in vivo. The outcome of this 
study indicates that further development of the p53 adenovirus or 
other novel molecular therapieis for SCCHN is warranted. 

Materials and Methods 

Cell Lines and Culture Conditions. Human SCCHN cell lines Tu-138 
and Tu-177 were both established at the Department of Head and Neck 
Surgery, M. D. Anderson Cancer Center. Tii-138 and Tu-177 were established 
from a gingivo-labial moderately differentiated squamous carcinoma and a 
poorly differentiated squamous carcinoma of the larynx, respectively. Both cell 
lines were developed via primary explant technique and are cytokeratin pos- 
itive and tumorigenic in athymic nude and SOD mice. These cells-were grown 
in DMEM/F12 medium supplemented with 10% heat-inactivated FBS with 
penicillin/streptomycin. 

Recombinant Adenovirus Preparation and Infection. The recombinant 
p53 adenovirus (Ad5CNfV-p53; Ref. 22) contains the CMV promoter, wild- 
type p53 cDNA, and SV40 polyadenylation signal in a minigene cassette 
inserted into the El -deleted region of modified AdS. Viral stocks were prop- 
agated in 293 celR Cfells were harvested 36-40 h after infection, pelleted, 
resuspended in phosphate-buffered saline, and lysed; cell debris was removed 
by subjecting the cells to CsQ gradient purification. Concentrated virus was 
dialyzed, aliquoted, and stored at -80'C Infection was carried out by the 
addition of the virus to the DMEM/F12 medium and 2% FBS to the cell 
monolayers. The cells were incubated at 3T*C for 60 rain with constant 
agitation. Then complete medium (DMEM/F12-10% FBS) was added, and the 
cells were incubated at 37^C for the desired length of time. 

Northern Blot Analysis. Total RNA was isolated by the acid-guanidinium 
thiocyanate method of Qiomczynski and Sacchi (23). Northern analyses were 
performed on 20 p% of total RNA. The membrane was hybridized with a p53 
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cDNA probe labeled by the random primer method in 5 X SSC-5 X 
Dcnhardt's solulion-0.5% SDS-dcnaturcd salmon sperm DNA (20 ftfi/mO- 
The membrane was also stripped and reprobed with glyccraldchyde-3- 
pbosphate dehydrogenase cDNA for RNA loading controL The relative 
quantities of p53 expressed were determined by densitometer (Molecular 
Dynamics, Inc., Sunnyvale, CA). 

Western Blot Analysis. Total cell lysates were prepared by sonicating the 
cells 24-h postinfection in RIPA buffer (150 mM NaQ, 1.0% Nonidet P-40, 
0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris, pH 8.0) for 5 s. Fifty 
fig of protein from samples were subjected to 10% SDS-polyacrylamide gei 
electrophoresis and transferred to Hybond-ECL membrane (Amer^iam). The 
rnembrane was blocked with Blotto/Tween (5% nonfat dry milk, 0.2% Twcen 
20, and 0.02% sodium azide in pho^hate-buHered saline) and probed with 
the primary antibodies, mouse anti-human p53 monoclonal antibody PAblSOl 
and mouse anti-human ^-actin monoclonal antibody (Amersham), and the 
secondary antibody, horseradish peroxidase-conjugated goat anti-mouse IgG 
(Boehringer Mannheim, Indianapolis, IN). The membrane was processed and 
developed as the manufacturer suggested. 

Immunohistochemical Analysis. The infected cell monolayers were fixed 
with 3.8% formalin and treated with 3% H2O2 in methanol for 5 min. 
Immunohistochemical staining was performed by using the Vectastain Elite kit 
(Vector, Burlingamc, CA). The primary antibody used was the anti-p53 anti- 
body PAblSOl, and the secondary antibody was an avidin-Iabeled anti-mouse 
IgG (Vector). The biotinylated horseradish peroxidase avidin-biotin complex 
reagent was used to detect the antigen-antibody complex. Preadsorption con- 
trols were used in each immunostaining experiment The cells were then 
counterstained with Harris hematoxylin (Sigma Chemical Co., St Louis, MO). 

Cell Growth Assay. Cells were plated at a density of 2 X 10* cells/ml in 
6-weI] plates in triplicate. Cells were infected with either wild-type (Ad5CMV- 
p53) or replication-deficient adenovirus as a control. Cells were harvested 
every 2 days and counted; their viability was determined by trypan blue 
exclusion. 

Inhibition of Tumor Growth in Vivo. The effect of Ad5CMV-p53 on 
established s.c. tumor nodules was determined in nude mice in a defined 
pathogen-free environment Experiments were reviewed and approved by 
institutional committees for both animal care and use and for recombinant 
DNA research. Briefly, following induction of acepromazine/ketamine anes- 
thesia, three separate s.c. flaps were elevated on each animal, and 5 X 10^ cells 
in 150 /il of complete media were injected s.a into each flap using a blunt 
needle; the cells were kept in the pocket with a horizontal mattress suture. Four 
animals were used for each cell line. After .4 days, the animals were reanes- 
thetized, and the flaps were reelevated for the delivery of 100 pX of. (a) 
.Ad5CMV-p53 (10® PFU) in the right anterior flap; {b) replication-defective 
virus (10^ PFU) in the right posterior flap; and (c) transport medium alone, in 
the left posterior flank. AD injection sites bad developed s.c. visual and 
palpable nodules before treatment was administered. Animals were observed 
daily and sacrificed on day. 20. In vivo tumor volume was calculated by 
assuming a Sf^rical shape with the average timior diameter calculated as the 
square root of the product of cross-sectional diameters. Following sacrifice, 
excised tumors were measxired three dimensionally by microcalipers to deter- 
mine tumor volume. A nonparametric Friedman's two-way analysis of vari- 
ance test was used to test the significance of the diffcfrence between means of 
samples; the SPSS/PC+ software package (SPSS, Inc., Chicago, IL) was used. 

Results 

Aden viral Infection of SCCHN Cells. The conditions for opti- 
mal adenoviral transduction of Tu-138 and I\i-177 cells were deter- 
mined by infecting these cells with adenovirus expressing the Es- 
dterichia coli ^-ga] gene. The transduction efficiency was assessed by 
counting the number of blue cells after X-gal staining. There appeared 
to be a linear relationship between the number of Infected cells and the 
number of adenovirus particles used. Clells inoculated with a single 
dose of ICQ MOI p-gal adenovirus exhibited 60% blue cells (Rg. L4), 
and this was improved t 100% by multiple infections (data not 
shown). The transduction efficiency of this vector in S<XHN cells is 
quite different from that of other cell lines examined previously; 
HeLa, HepG2, LM2, and human non-small cell lung cancer cell lines 
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Fig. 1. A, transduction cffidcncy of SCCHN cell lines TaA3S (A) and TUIT? (■). A 
recombinant ^-gal adenovinis was used to infect the cells at different MOIs ranging from 
10 to 100, The percentages of |3-ga]-positive cells were (4)taiiied from scoring 500 cells 
each on replicate dishe& B, expression of exogenous p53 mRNA 24 h after Ad5CMV-p53 
infection. Lanes J and 2, 293 and IC562 cells, respectively. Lanes 3 and 6, mock-infected 
•ni-138 and "ni-lT? cells. Lanes 4 and 7, Tb-lSS and 1^1-177 cells infected with dl312. 
Lanes 5 and 8, Tu-138 and 1^1-177 cells infected with Ad5CMV-p53. 

showed 97 to 100% infection efficiencies after incubation with 30 to 
50 MOI P-gal adenovirus (22). 

Expression of Exogenous p53 mRNA in Adenovirns-infected 
SGCHN Cells. Two human SCCHN cell lines were chosen for this 
study; both cell lines Tu-138 and 1\i-177 possess a mutated p5J gene 
(unpublished data). The recently created recombinant wild-type p53 
adenovirus, Ad5CMV-p53, was used to infect Tu-138 and Tu-177 
cells. Twenty-four h after infection, total RNA was isolated, and 
Northern blot analysis was performed. The transformed primary hu- 
man embiyonal kidney cell line 293 was used as a positive control 
because of its high level of expression of the p53 gene product, 
whereas K562, a lymphoblastoma cell line with a homozygous dele- 
tion of the p53 gene, was the negative control (Fig. IB, Lanes 1 and 
2, respectively). Due to unequal Ipading, only a fraction of the 
endogenous p53 mRNA vras detected in the 293 cells (Rg. Iff, bottom 
panel). The . levels of the 2.8-kflobase endogenous p53 mRNA de- 
tected in the samples isolated from mock-infected cells (Fig. IB, 
Lanes 3 and 6).and from the cells infected with a replication-defective 
adenovirus, dl312 (Fig. IB, Lanes 4 and 7), were similar. Up to 
10-fold higher levels f ex genous 1.9-kilobase p53 mRNA were 
present in the cells infected with Ad5CMV-p53 (Fig. \B, Lanes 5 and 
8), indicating that the exogenous p53 cDNA was successfully trans- 
duced into these ceils and efSdently transcnbed. Interestingly, the 
level of endogenous p53 mRNA in these cells was 5-fold higher than 
in the experimental controls. Northern blots exhibited no evidence of 
Ad5CMV-p53 (DNA) contamination of RNA. 
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Expression of p53 Protein in Aden viruS-infected SCCHN 
Cells. Western blot analysis was performed to compare the levels of 
p53 mRNA t the amount of p53 protein produced. A p53 band, 
recognized by monospecific anti-p53 antibody, PAblSOl, was ob- 
served in cellular extracts isolated from all samples except K562 cells 
(Fig, 24, Lane 5). Cell line 293 showed high levels of p53 protein 
(Fig. 24, Lane 1). Samples isolated from mock-infected Tu-138 and 
Tu-177 cells exhibited low levels of p53 protein (Fig. 24, Lanes 2 and 
5). The level of p53 expression remained similar in those cells 
infected with the dl312 adenovims (Fig. 24, Lanes 3 and 6). The 
levels of p53 antigen detected in Ad5CMV-p53-irifected cells were 
signifrcandy higher than the levels of the endogenous mutated pro- 
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teins in both cell lines (Fi^ zA, Lanes 5 and 7). This result indicates 
that the exogenous p53 mRNA produced from cells infected with 
Ad5CMV-p53 is efficiently translated into immunoreactive p53 pro- 
tein. Furthermore, immunohistochemical analysis of cells infected 
with Ad5CMV-p53 revealed the characteristic nuclear staining of p53 
protein (Rg. 2B, right panel)^ whereas mock-infected cells fafled to 
show simOar staining despite the presence of the p53 protein in these 
cells (Fig. IB, left panel). This inability to detect the protein may l>e 
attributable to the insensitivity of the assay. 

EfTect of Exogenous p53 on SCCHN Cell Growth in Vitro. Cells 
infected with control virus dl312 had growth rates simflar to those of 
the mock-infected cells (Fig. 3), whereas growth of the AdSCMV- 
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Fig. 2. Western blot analysis. Ccllnlar extracts isolated from ccDs 24 b postinfection were subjected to SDS-poIyacrylanudc ge! eltetropfaorcsis. Lanes 1 andS, 293 and KS62 
cells, respectively. Lanes 2 and 5, mocfc-infccted Tb-138 and Tu-177 cells. Lanes 5 and To- 138 and Tki-177 cells infected with dl312. Lanes ¥ and 7, Tu-138 and Tu-177 ccDs infected 
with the Ad5CMV-p53. B, representative inununohistocbcmical staining of mock-infected Tb-138 cells {Uft) and Ad5CMV-p53-infected Tu-138 cells {right) 24-h postinfection. X 250. 
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Fig. 3. Inhibition of SCCHN cell growth in vt/ra. A, growth curve of mock-infected 
•ni-138 cefls (•), dl312-infected cells (A^ and Ad5CMV-p53-infecied cells (■). B, 
growth curve of modt-infected Tki-177 cells (OX dI312-infectcd cells (AX and AdSCMV- 
pS3-iafected celh (□). At each mdicated time point, three dishes of cells were tiypsinizcd 
and coantedL The mean of cell counts per triplicate wells following infection were plotted 
against the number of days since infection; bars, SEM. 

p53-infected Tti-lSS (Fig, 3A) and Tu-177 (Rg. 3B) cells was greaUy 
suppressed. Twenty-four h after infection, an apparent morphological 
change occurred with portions of the cell population rounding up and 
their outer membranes forming blebs. These are part of a series of 
histologically predictable events that constitute progranmied cell 
death. The effect was more prominent for Tu-138 than for Tu-177 
cells. Cells infected with the replication-defective adenovirus, di312, 
dem nstrated normal growth characteristics with no histomorphologi- 
cal abnormalities. Growth assays were reproducible in four repeated 
experiments. 

Inhibition of Turn r Growth in Vivo. Seven animals were tested 
for each cell line. One animal in the Tu-177 group died following the 
second flap surgery and delivery of the therq)eutic interventions, 
presumably due to profound anesthesia and subsequent mutilation by 
cage mates. Necropsy revealed no evidence of metastasis or systemic 
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effects. Fig. 4 shows repicsentative Tu-138 (/e/ir) arid Tu-177 recipi- 
ents {right). Sizable tumors are apparent on both posterior fl^ of the 
animals (lcl, the sites that did not receive Ad5CMV-p53). The lack of 
tumor progression is significant in the right anterior flaps of the 
animals which received Ad5CMV-p53 (F < .04). That 1^1-177 cells 
have a slower growth rate has been established previously in these 
animals.^ Two animals in the Tu-177 group had complete clinical and 
pathological regression of their established s.c. tumor nodule. Tw 
animals in the Tu-138 group were killed eariy because they were 
experiencing rapid growth and ulceration of the control tumor sites. 
All surgical sites had developed lesions of at least 6 mm^ before 
intervention. The tumor volumes on necropsy are shown in Table 1. 

Discussion 

Mutations or deletions of the pJJ tumor suppressor gene are the 
most frequent genetic alterations reported in SCCHN. Since the wild- 
type p53 gene is believed to be involved primarily in delivering 
antiproliferative signals that may be capable of antagonizing the 
growth-stimulatory signals propagated by oncogene products, the 
potential molecular therjqpeutic effect of this gene in SCCHN deserves 
attention. 

The rapid development in the field of gene therapy, including the 
creation of adenoviral vectors, has created an environment that is well 
suited for progress toward novel gene therapy of SCCHN. Because of 
their natural tropism for aerodigestive tract epithelium, adenoviruses may 
be uniquely suitable for the transient delivery of genes to cancers in these 
epithelial tissues. The recombinant, replication-defective adenoviruses 
that have been developed for gene therapy are missing the entire Ela and 
part of the Elb regions and are, therefore, capable of propagating only in 
cells that can provide the El proteins in trans, such as the 293 cell line. 
In the past few years, recombinant adenoviruses have been extensively 
developed and used for in vivo gene therapy. The high transfer efiBciency 
of adenoviral vectors over a broad range of hosts both in vitro and in vivo 
make them attractive vehicles for molecular therapy. Recently, a recom- 
binant wild-type p53 adenoviral vector (Ad5CMV-p53) was generated. 
This provided us with an excellent candidate for investigation of the 
biological effects of the wfld-type p53 gene product on SCCHN cells 
bearing the mutated p53 gene. Using a /3-gal recombinant adenovirus, the 
gene transfer efBdency of SCCHN cells was established. Approximately 
60% of SCCHN cells were positive after X-g^l staining. ITiere appeared 
to be a linear correlation between the number of cells e^qnessing the gene 
and the amount of viral particles used in the experiment This result 
coincided with the effidency obtained in cells infected with AdSCMV- 
pS3 after immunostaining by using a monoclonal anti-p53 antibody. Our 
observed transduction effidency was low^ dian that adiieved in other 
cell lines tested, induding HeLa, HepG2, LM2, and the human non-small 
ceD lung cancer cell lines. This discrqKoicy could be due to a host of 
factors, induding rector variations and differences in membrane char- 
acteristics among the cell lines. Additionally, the transduction efGdency 
of SCCHN cdls may have been underestimated by limitations of light 
miooscopic analyses. 

Ad5CMV-p53 mediated a high level of expression of the p53 gene 
in SCCHN cells. Two p53 mRNA ^)edes were detected in the 
Ad5CMV-p53-infected ceUs. TTie high level of 1.9-kild)ase mRNA 
was derived from the transduced p53 cDNA following infection with 
Ad5CMV-p53, indicating that the adenoviral vector is an effident 
vehicle for gene delivery into human SCCHN cells. Moreover, the 
levels of endogenous 2.8-kilobase mRNA were higher in the trans- 
duced cells than in the controls, presumably due to the effect f 
wild-type p53 gene product This phenomenon of transcriptional 
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Fig.4 inhibWon of SCGHNcen growth «viw.Pic^ 
interventions. Jhc right posterior flank recdvcd dl312, the left flank received transport medium alone, and the right anterior flap received Ad5CMV-p53, aU 4 days foDowing the 
establidiroent of a s-C. tumor. 



Table 1 Effect cfAd5CMV-p53 on tumor growth in nude mice" 



Mean volume 
(mm^ ± SEM) 



Treatmeht 


Tu-138 (7) 


Tu-177(6) 


Ad5CMV-p53. 


223 ± 14 


13 ±18 


Ad5(dl312) 


803 ±300 


533 ±148 


Medium 


1297 ±511 


421 ±143 


Significance 


P 


P 


p53*:dl312 


0.03 


0,02 


p53:roedium 


0.04 


0.03 



" The cells were injected s.c at 5 X 10* cells/flap. Tumor sizes were determined at day 
20 after treatment. Numbers in parentheses, the number of animals evaluated. 
* Ad5CMV-p53 is jAbreviated as p53; dl312 is an abbreviation for Ad5(dB12). 



autoregulation of the p53 gene has been well documented in murine 
cell lines iA which the wild-type p53 can traiisactivate its own pro- 
moter and the mutant p53 fails to regulate the p53 promoter (24). 

Due t the episomal property of adenoviral vectors, all the input 
DNA following infection with Ad5CMV-p53 is presumably degraded 
slowly throughout incubation. By using polymerase chain reaction- 
based detection technique, DNA can be detected as late as 14 days 
postinfection (data not shown). 

Western blot analysis demonstrated that there were few or no 
changes of p53 protein levels between mock- and replication-defec- 
tive adenovirus-infected cells, whereas production of p53 protein was 
significant in Ad5CMV-p53-infected cells, suggesting that the exog- 
enous p53 mRNA was efficiently translated. Hme course protein 
expression studies have shown protein expression to peak 3 days 
postinfection and progressively decline to still detectable Western 
blotting levels on day 15 (22). Functionally, these SCCHN cells 
transduced with wild-type p53 gene exhibited significant inhibition of 
growth in vitro as compared to the mock-infected and replication- 
defective cells, thus clearly illustrating that these results were not 
mediated by the virus itself. The mechanism by which vwld-type p53 
protein inhibits growth in vitro may be related to arrest f the Gj cell 
cycle (18), apoptosis (19, 20), or induction of another tumor suppres- 
sor gene such as WAFl/CIPl (25). The induction of apoptosis is one 
of the several documented functions of wild-type p53. When Tu-138 
and Tu-177 cells were infected with Ad5CMV-p53 at 100 plaque- 
forming units/cell, the characteristic apoptotic histomorphology, such 
as rounded-up cells and the formation of blebs, was apparent as early 
as 4 h after infection and was followed rapidly by cell death (data not 



shown). However, the mechanism of growth suppression and cell 
death induced by Ad5CMV-p53 requires further investigation. 

Encouraging results were also obtained in the nude mice studies. 
Tumor growth in the Ad5eMV-p53-infected cells was suppressed by 
at least 60 times more than in the experimental controls. These in vivo 
results confirmed the in vitro effects of Ad5CMV-p53 on human 
SCCHN cells, suggesting that the wild-type p53 protein mediates a 
potentially therapeutic effect. Although the in vivo studies are in their 
infancy, they nevertheless portend the development of a model for 
gene therapy in SCCHN that uses p53 adenovirus as a therapeutic 
intervention. Information derived from such studies could be ex- 
panded in the development of other novel molecular therapies that use 
adenoviral vectors, not only in SCCHN but in other human cancers. 
Several critical questions remain unanswered. How should the insult 
from antibodies that may arise in animals or patients following viral 
treatment be alleviated? How safe is this virus in humans? The results 
of the preliminary studies justify further investigation of in vivo 
animal models as well as mechanisms through which wild-type p53 
regulates these in vitro and in vivo effects. 
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Genetic Mechanisms of Tumor Suppression by the 
Human p53 Gene ^ 

W^H^^^LeS''''' BOOKSTEIN, 



croducc mutated or wild-type pS3 und 
tong temurul repeat (LTR) promot^''*^ 
aol. Cell denes uolated after infccriol^- 
selection carried only a single int^ 
ptovirus of each type, and multiple^ . 
were anal>^d to exclude positional ^ { 
A comprehensive assessment of bio^?^ 
properties of these dones induded moT^ 
ogy. groxvdi rates and saturation deS*" 
culture, colony formation in soft 
tumongenidty in nude mice. 

As a reference standard for human wiM 
n-pc P33. we used the genomic DNA ' 
qucncc of Lamb and Cra^vford ( / 7) Pq 




VpS3E-Neo [tw]— ( 




S 8RH 



oacoeenesk Tn mr^^i ^ * • 66*-*"*^ a cruaai role tor this gene in human 
uacogcncsis, lo model the stepwise mutation or loss of both n*;^^.fi^u. 



TUMOR-SUPPRESSOR GENES ARE DE- 
fined as genes for which loss-of-ftinc- 
don mutations arc oncogenic (/) 
WUd-type alleles of sudi genes may d»us 
fiincaon to prevent or suppress tumorigcn- 
csis. For example, introduction of wild-t)^: 
copies of die rcdnoblastoma gene (RB) die 
prototype of diis dass (2), suppressed' die 
ncoplasac properties of human tumor cells 
widi mutated endogenous RB, dicreby pro- 
viding direa evidence for tumor suppres- 
sion by a single gene (J, -0- Anodicr gene 
product, pS3, was first identified as a S3-kD 
cellular protein diat binds to SV40 T anti- 
gen (J), a property diat is also shared by RB 
protein. The gene encoding p53 b common- 
ly affeaed by deletions, rearrangements, or 
pomt mucaoons in human and murine tu- 
mor cdk (6. 7). p53 was originally consid- 
to be an oncogene because mutated 
p53 alleles could transform primary rat em- 
bryo fibroblasts in concert with an activated 
ras gene («). However, cotransfcction of 
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Wild-type murine p53 was shown to reduce 
transformation efficiency by many other on- 
cogenes (9). These studies, and the observed 
diversity of mutations in human tumors 
suggested diat p53 might be a tumor sup-' 
pr<^r gene, diat is, a gene diat is inactivat- 
ed by mutaaon. The dominant transforming 
cffca was presumed to be due to a «domi- 
nant negative'' activity of mutated p53 pro- 
tcm rfiat somehow blocked die growdi- 
rcstncting fimction of wild-type p53 protein 
m cells. TTiis rhodcl suggested diat die rela- 
ave quannty of mutated to wild-type p53 
could determine die transformed pheno- 
typc, but gene dosages could not be tighdy 
controlled in dicse transfection studies. 

Because of such questions, as wcU as die 
possibUity of spcdcs-spedfic differences in 
p53 function (W) and die uncertain rele- 
vance of transfomied animal ceils to human 
neoplasia, we sought to reassess die biolog- 
1^ properties of p53 in die human system. 
The human osteosarcoma ceU line Saos-2 
was chosen as a host cell because it has no 
endogenous p53, because of die complete 
delcaon of its gene (6). Wc used recombi- 
nant retroviruses derived from Moloney 
munne leukemia virus (Mo-MuLV) to in- 



Rg- 1. Comparison of dircc human p53 cDNAs. 
I^cnomic prgankadon of dir^ IrcombinaS ^ 
f«iovinis« forcxprcssmgp53 ptotcin. (A)nucc f 
human p:»3 cDNAs arc diagl^cd. Thc^ ^ 
2^^112?'^.*'^ ^ Crawford (//), 

doncs from human fecal Uver cDNA anTgcnomk 
• "^"^^^^f considered to be uild tyi^ p53B 

die RT-PCR mediod (12), The deduced amini 
aad sequences of p53B and p53L were identical 
despite tilcnt nucleotide subsdnirions as in- 
dicated. p53E IS a cDNA done (tS) dut has 
amino aad subsaturions at positions 72 and 273 
rclanvc to p53L or p53B. The Argh^io^ rralacc- 
ment rcprracnts a common amino add polymor- 
phism (IS) widKjut known functional simifi- 
cancc, but die substitiidon of His for Aig at 
p<Kiaon 273 is found cxdusivdy in tumor cdls 
arjd is omsidercd to be a mutation. Like manv 
other p53 mutations, Aig^^ — His lies widii^i 
one of ^ conserved n^ons required for bind- 
ing to SV40 T antigen (hatdicd boxes) (2J), (B) 
Genomic organization of dirce p53 rctroviniscs 
arc dugrammcd. VpS3E-Nco was construacd by 
inserting a i.5-kb Hind III-5ma I DNA fragment 
contammg pS3E into die plasmid pLRbRNL (i), 
rcplaong RB cDNA. A 1.35-kb p53B DNA 
fragment obtained by RT-PCR was inserted into 
the pLRbRNL vector to fonn Vp53B-Nco. The 
msert tn one done was enrirdy sequenced, as 
diagrammed in (A). Vp53B-Hygro was con- 
structed by insertion of a Hind III DNA fragment 
containing p53B and die Rous sarcoma virus 
promoter into plasmid 477 (a MuLV-Hygio vec- 
tor provided by W. Hammcrsdunidt and B. Sug- j 
den). These constnicts were then used to pixxlucc ^ 
the corresponding viral stocks as described prcvi- ^ ! 
ously (J). Some major restriction sites important 
for construction arc indicated, H, Hind III; R. 
EcoR I; Sma I; B, Bam HI; and C, Oa I. 
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.fjy xvild-cypc p53 cDNA was isolated 
^ tend brain RNA by the mcdiod of 
transcriprion-polymcrasc chain rcac- 
^(RT-PCR), and was doncd into plas- 
^ ( 12). The insert in one done (dcsignat- 
jp53B) ^vas entirely sequenced (^1300 
\ to rcvcd a wild-type deduced aniino 
^ sequence despite two silent nudeotide 
^ac -ments (Fig. lA). Anodier p53 cDNA 
;j53E), isolated from cpidennoid car- 
cdl line A431 (13), was also se- 
^ccd, and was found to contain a point 
^tion at codon 273 diat replaced Arg 
^ His (Fig. lA). This is a functionally 
jgnificant mutation that has also been idcn- 
pficd in p53 from two other tumor cell lines 
In additiott, a neutral sequence poly- 
([Kjrphism in codon 72 (Fig. lA) encoded 
jjthcr an Arg (p53B) or a Pro (p53E). This 
doinnton amino add polymorphism (15), 
^ch is without known tuncdonal signifi- 
once, resulted in faster migration of p53B 
(han p53E protein by SDS-polyacrylamidc 
gd dectrophorcsis (PAGE), and was there- 
fore used to distinguish between these pro- 
teins when they were cocxpresscd in the 
$ime cell. 

The p53E and p53B fragments were then 
inscr:cd into a Mo-MuLV-bascd retroviral 
vcaer containing neo as a sdcctable marker 
gpnc to form Vp53E-Nco and Vp53B-Neo 
^. viral genomes, respcctivdy (Fig. IB). In 
^ addition, to fadlitate double replacement, 
Vp53B-Hygro was made by inserting p53B 
into a similar vcaor containing the gene 
conferring resistance to hygromydn {iS), 
Stodcs of Vp53E-Nco, Vp53B-Nco, and 
Vp53B-Hygro viruses were produced as de- 
scribed (3) with titers of about 1 x 10^, 
2 X 10*, and 1 X 10^, respectively. Exprcs- 
aon of p53 protdns from the viruses was 
inirially assessed in the murine NIH 3T3- 
dcrived padcaging line PA12, which was 
used for virus production (3). Mutated and 
wild-type human p53 proteins were dctea- 
cd in their respective virus-producing ceils, 
with the expected difference in migration by 
SDS-PAGE {17). Because spontaneous mu- 
Gc n of p53 may occur fixquendy in cul- 
tured cells, we examined two additional 
biochemical properties of these p53 pro- 
teins: their cellular half-lives, and their abil- 
ity to bind to T antigen. The p53B protein 
bad a half-life of 20 to 30 min compared to 
4 to 5 hours for p53E protein (17), consis- 
tent widi published reports on die half-lives 
of wild-type and mutated p53 proteins {18). 
When virus-produdng celk were transfeaed 
Mr.h a plasmid exprcsssing large anwunts of 
SV40 T antigen, and lysates were immuno- 
4 precipitated with antibody to p53 (anti- 
p53) or antibody to T antigen (anri-T), T 
*ntigen was copredpttatcd with p53B but 
tHJt p53E protein (/7), indicating that only 
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Rg. 2. Expression of human 
p53 protdns in virus-infca- 

cd Saos-2 cdU, Sao$-2 ccUs v istM^, ^- ^- C *&' " 

(lanes I and 7) were infcacd ' ' *: 

ddwr widi (A) VpS3E-Nco ; 1_ _ &V 

to generate p53EN (lanes 2 ' * • . - 

to 6) or with (B) Vp53B- 
Nco and Vp53B-Hygro to 
generate p53BN O^ncs 8 to - 

10) and p53BH (lanes 11 . , ^ 

and 12) doncs, respectively, as described in dK text. (C) Sios-2 cells were also doubly infected widi 
Vp53E-Neo and Vp53B-Hygro to generate p53EN-BN doncs (bncs 13 to 15). Randomly sdcacd 
dones, and VVERI-Rb27 cells (lanes M), were labdcd widi (^^Slmcdiioninc and immunoprcdpiutcd 
widi anri-p53 inribody, PAb421 (24) as described for (25), p53B (fiUed annows) and p53E (open 
arrows) arc indicated. 



p53B protein could bind to T. These results 
suggested that p53B-containing viruses ex- 
pressed wild-type p53 and that p53E-con- 
taining virus expressed mutated p53 (19). 

In previous experiments, Saos-2 cells in- 
fcaed with parental viruses containing only 
ncomydn- or hygromydn-rcsistance genes 
showed no changes in morphology and 
growdi rate compared to uninfeacd cells (3, 
17), suggesting that drug sdcction did not 
have a significant influence on their neoplas- 
tic properties. Saos-2 cells infected with 
comparable titers of either Vp53E-Neo, 



Vp53B-Neo, or Vp53B-Hygro in the pres- 
ence of die appropriate selective i^ent cadi 
yidded similar numbers of drug-resistant 
colonics. Most colonies could be individual- 
ly propagated into mass cultures, with the 
notable observation that Vp53B-infcaed 
cells grew much more slowly than VpS3E- 
infeaed cells (see below). Vp53E-infcaed 
dones uniformly expressed high concentra- 
tions of p53E protein (Fig. 2A). Of 3() 
Vp53B-infeCTed dones examined, about 
80% expressed detectable p53B protein 
(Fig. 2B). Two each of Vp53E-Neo and 



Table 1, Neoplastic properties of p53 virus-infcacd Saos-2 cells, Soft-agar colony j^"^ 
nuinbcrs (1 x 10^ or 2.5 x 10*) of cells of die indicated doncs were seeded m dupUcatc m 0.367% 
soft affar as described (3). Total colony numbers were scored after 20 days. Individual colonic 
cont^ed more riian 50 cdls. Tumorigcnidty: I X 10' cdls ftom cadj done were m|ected 
subcutancously into flanks of nude mice, and tumor formaaon was scored at 12 wccta. ^ 



No. of soft-agar colonies 
formed with 



Virus-infcacd 



cdls 


1,0 X 10^ 
cells seeded 


2,5 X 10* 
cells seeded 


Parental 


392;388 


104;76 


p53EN 
p53EN-l 
p53EN-2 
p53EN-3 
pS3EN-4 
p53EN-5 


928;968 
517;593 
48S;534 
445;498 
S82;441 


396;372 
121;105 
96;123 
106;121 
132; 172 


p53BN 
p53BN-l 
p53BN-2 
p53BN-3 
p53BN-4 


<1;<1 
<1;<1 
<1;<1 
<1;<1 


<1;<1 
<l;<l 
<1;<1 
<1;<1 


p53BN-R 


414;384 


54;48 


pS3BH 
pS3BH-l 
p53BH-2 
p53BH-3 


-<1;<1 
<!;<! 
<1;<1 


<1;<1 
<1;<1 
<1;<1 


p53EN-BH 






p53EN-l-BH-l 
p53EN-l-BH-2 
p53EN-l-BH-3 
p53EN-2-BH-l 
p53EN-2-BH-2 


<1;<1 
<1;<1 
<1;<1 
<1;<1 
<1;<1 


<1;<1 
<1;<1 
<1;<1 
<!;<! 
<1;<1 



Tumorigcnidty 

No. of mice 
with tumor/no. 
of mice 
injcacd 



p53 
expression 



10;10 
12;12 



None 
Mutated 



0;5 

3;3 
0;6 

0:5 



Wild type 



None 
Wild type 



Mutated + 
wild type 



REPORTS 



IS77 



Fig. 4. Morphology in cul- 
ture of parental Saos-2 cdls, 
and representative virus-tn- 
feaed clones. (A) Exponen- 
tially growing cells. (B) 
Cells at conflucncA'. Magni- 
fication, X 100. 
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Rg< 3, Formation of p53B-T complexes in Saos-2 
cells. Clones p53BN-l (lanes 1 and 2), p53BH-l 
(lanes 3 and 4), p53EN-l-BH-l (lanes 5 and 6), 
and p53EN-l-BH-2 (lanes 7 and 8) were trans- 
fcacd with plasmid pRSV40T as described (J5), 
and 60 hours later were mctabolically labeled with 
(^^SJmcthioninc, Cell lysatcs were immunoprc- 
dpitatcd widi PAb42 1 (lanes M, 1, 3, 5 and 7^ or 
with PAb419, a monodonal antibodv against 
SV40 T antigen (lanes 2, 4, 6 and 8),* PAb4l9 
coprcdpiutcd only p53B in cdls expressing both 
p53B and p53E. 

Vp53B-Hygro clones were randomly select- 
ed for a second infection by the other virus, 
and double-infected clones were isolated 
and propagated as above. These clones co- 
cxprcsscd both p53E and p53B protein 
(Fig. 2C). In order to again verify that p53B 
protein in these cells was not secondarily 
mutated, p53B-cxprcssing clones were 
transfected with the SV40 T antigen plas- 
mid, and cell lysates were ixnmunoprccipi- 
tatcd as described above (Fig. 3). Anri-p53 
coprccipitatcd T in each clone, but anri-T 
coprecipitated only p53B, even in cells ex- 
pressing both p53B and p53E. The half-life 
of p53B in Saos-2 was also measured and 
was similar to that of p53B in PA12 cells 
(17), These data again support die notion 
tfiat Vp53B-infectcd Saos-2 clones ex- 
pressed wild-type p53. 

Five randomly chosen clones that stably 
expressed p53E protein (pS3EN-l to 
p53EN-5) were compared to parental 
Saos-2 cells in terms of morphology (Fig. 
4), growth rate [as doubling time (Fig. 
5A)], saturation density (Fig. 5B), soft-agar 
colony formation, and tumorigcnicity in 
nude mice (Table 1). A difference in mor- 
phology wzs observed only under condi- 
tions of cell crowding, where cells of EN 
dones were for smaller and more rcfiractile 
dian parental cells (Fig. 4B). Correlativcly, 
saturation density of the former was four- to 
fivefold greater than riiat of parental cells 
(Fig. SB). This relative growth advantage 
was seen despite similar doubling times as 
measured under sparse growth conditions 
(Fig. SA). Four EN clones and parental cells 
shared similar efficiencies in soft-agar colony 
formation and tumorigcnicity in nude mice 
(Tabic I). One clone, p53EN-i, had notice- 
ably augmented abilities in both respects; in 
prticular, it rclbbly formed large cumore 
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from as tew as 5 X 10^ injected cells {17), 
Wc considered this discrepancy to be within 
the range of clonal variability cxpeaed 
among tumor cells. These results suggested 
that mutated p53 functioned in the absence 
of wild-cypc p53 to contcr a limited growth 
advantage (higher saturation densitv') to 
Saos-2 cells in culture. In many other aspects 
of the neoplastic phenotypc, die presence of 
point-mutated p53 was essentially equiva- 
lent to complete absence of p53. 

In comparison to parental Saos-2 cells, 
dones expressing p53B (wild-type p53 pro- 
tein) were invariably enlarged and flattened 
(Fig. 4) and had prolonged doubling times 
in culture of about 70 hours rather than 30 
to 36 hours for parental or EN cells (Fig. 
5A), The efficiency of soft-agar colony for- 
mation was reduced to less than the thresh- 
old for detecting a single colony, whereas 
parental cells and EN celk formed hundreds 
of colonies under the same conditions (Ta- 
ble 1). Injection of 1 x 10^ cells of each of 
seven pS3B-cxprcssing dones into the flanks 
of nude mice resulted in the ft>rmation of no 
tumors after 12 weeks, even while the same 
number of parental or p53E-c3^rcssing cells 
fotmcd tumors in all contralateral flanks 
(Table 1). These findings could not be ex- 
plained by a peculiar cffea of viral infection 
and sdcction because one done, Vp53BN- 
R, derived from VpSSBrNeo-infcctcd cells 
but lacking detectable expression of p53B, 
had a phenotype indistinguishable from pa- 



rental ceUs (Table 1). The -50% reduction 
of growth rate of cultured Saos-2 cells ex- 
pressing pS3B was insuffident to account 
for the complete loss of tumorigenidt\' and 
soft-agar colony formation, implying that 
wild- type p53 specifically suppressed die 
neoplastic phenot\'pc of these cells. These 
results suggest that loss of wild-type . p53 
was a significant event during the genesis of 
this tumor line, and, by extension, of other 
osteosarcomas with mutated endogenous 
p53 genes (6), 

Because both mutated and wild-type p53 
proteins were apparendy fiinctional in 
Saos-2 cells, we asked whether both activi- 
ties could be simultaneously coexpressed, 
whether they canceled out one another, or 
whether one activity was dcariy dominant. 
The configuration of one wild-type and one 
mutated allele was most rdevant to natural 
human tumorigenesis, because this is a nec- 
essaty intermediate step on the pathway 
toward complete loss of wild-type p53. In- 
fection of two different p53E-cxprcssing 
dones with Vp53B-Hygro yielded 22 hy- 
gromydn-resistant dones, of which 15 co- 
expressed both pS3B and p53E. To deter- 
mine the number of integrated copies of 
each virus present in these dones, we ana- 
lyzed genomic DNA of three dones derived 
from p53EN-l cells infeaed widi Vp53B- 
Hygro by Southern (DNA) blotting (Fig. 
6). Hybridization with neo as a probe 
showed a single, common junctional frag- 



Rg. 5. Growth effects of 
p53 expression in Saos-2 
cdls, (A) Doubling times of 
parental Saos-2 cdls and vi- 
rus-infoacd dones in an ex- 
ponential growth stage. 
Equal numbers of cadi cdl 
type were seeded into 60- 
mm culture dishes; cells of 
two dishes were crypsinizcd 
and counted at daily inter- 
vals for 4 days. Doubling 
rimes were derived from 
lines fitted to log cdl num- 
bers. (B) Saturation density 
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of parental Saos-2 and EN dones. Equal numbers (I x 10^) of ceils were seeded into 60-mm culture 
dishes; cdls of two dishes were trypsinizcd and counted at the times indicated. Ploacd points were mean 
cdl numbers from duplicate dishes. Saturation density of pS3E-cxprcssing cdls was four- to fivefold 
greater than paraital cells. 
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fig. 6. pS3EN-BH cdk harbored one copy of 
Vp53E-Nco and one copy of Vp53B-Hygro. 
Gcr.jmic DNA (10 |ig) cxo^acd from parental 
Saos-2 cdU (lanes I), and dones p53EN-l (lanes 
2L p53EN-l-BH-l (lanes 3), p53EN-l-BH-2 
(biii 4), and p53EN-l-BH-3 (lanes 5), was 
(jigpstcd widi Eco RI, and separated in 0.7% 
jpiosc gels. Southern transfer was performed, 
Hid nylon membranes were hybridized widi ^^P- 
bbdcd tt€o (A) or hyuro (B) DNA probes, by 
standard mediods (26). A single, unique junction 
fragment is seen in each done with each probe, 
indicating single integrated copies of each virus. 



I j mcnt in all three doncs, indicating the prcs- 
f cncc of a single integrated copy of Vp53E- 
Nco in p53EN-I cdls (Fig. 6A). 
H\'bridizarion with hygro showed a single, 
unique junctional fra^cnt in each done, 
indicating the presence of single, indcpcn- 
dcndy integrated copies of Vp53B-Hygro 
in p53EN-BH doncs (Fig. 6B). Single 
mtcgrarions were expected, based on prc- 
\xo is use of a rdated recombinant retrovi- 
ms at comparable titers (3). These findings 
I confirmed diat p53EN-BH dones indeed 
contained one integrated copy of each vi- 
ms, and that both exogenous p53 genes 
were expressed (Fig. 2). By criteria of 
inoq)hoIogy, growth rate, saturation den- 
aty, soft-agar colony formation, and tum- 
origenidty in nude mice, double-replace- 
ment dones were indistinguishable hom 
do :cs expressing only p53B (Figs. 4 and 5, 
Table 1). Cells obtained by infecting in die 
i odier order, that is, pS3B-expressing cells 
' infeaed with Vp53E-Neo, had the same 
[ phenotype {17). Complete dominance of 
i wild-type pS3 activity was observed de- 
': Jpite the — 10-fold lower quantities of 
^Id-type than mutated p53 in these cells, 
^ expected consequence of the shorter 
half.lifc of wild-type p53. 
^lif In sum, single copies of wild-type pS3 
^-cnc suffident to suppress the neoplastic 
phenotype of human osteosarcoma cells 
tdcing p53 expression, as well as of cells 
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expressing a mutated p53 allele. These re- 
sults arc consistent with the findings of 
Baker aL (20) that transfection of human 
wild-type p53 suppressed the growth of 
human colorectal tunror cells, even those 
with muutcd endogenous p53 alleles. These 
studies suggest that, like RB, human pS3 has 
a broad suppression activity in many tumor 
types. The dominance of wild-type over 
mutated p53 in a two-allde configuration 
suggests that bodi wild-type p53 alleles 
must be lost for an oncogenic cffea of this 
gene (21). Moreover, transfected wild-type 
p53 fkiled to suppress the growth of human 
colorectal adenoma cells containing wild- 
type p53 alleles (20); similariy, exogenous 
RB failed to suppress osteosarcoma celk 
with wild-type endogenous RB (3). Thus 
die suppressive effea of exogenous RB or 
p53 nuy be limited to tumor cells lacking 
wild-type endogenous RB or p53. These 
shared properties of RB and p53 reinforce 
the tumor suppressor gene concept, indud- 
ing the possible dinical use of their replace- 
ment in appropriate tumor cells. 

One question not answered by previous 
studies is whether point-mutated p53 has 
some function, or whether it is complaely 
fimcrionlcss, diat is, is equivalent to its 
complete deletion. The mutated human p53 
allele we used retains some function, because 
its insertion into osteosarcoma cells aug- 
mented their saturation density in culture 
(22). Mutated p53 alkies may confer a 
growth advantage or a more malignant phe- 
notype to tumor cells without wild-type 
p53, thereby explaining why mutated pS3 
alleles arc conunonly retained in tumor cells. 
Additional experiments are needed to ad- 
dress this proposal. The idea that mutated 
p53 has a biological function, and that its 
fimcrion is recessive to that of wild-type 
p53, is inconsistent with the hypothesis of a 
dominant n<^tivc cflfect, at least as it applies 
in natural human tumorigenesis. The dom- 
inant transforming properties of mutated 
murine p53 alleles may be due to die hig^i 
copy numbers of genes introduced by trans- 
fection, and the resulting massive overcx- 
pression of mutated pS3. Under conditions 
of equal gene dosage, wild-type p53 is able 
to override the influence of mutated pS3 
despite a tenfold molar excess of the latter. 
These observations may be explained by 
competition of wild-type and mutated p53 
for conunon cellular targets, for which wild- 
type p53 is much more avid. In this nKxkl, 
wild-type and mutated pS3 would transmit 
opposite growth signals to these targets, 
with total absence of p53 perhaps an inter- 
mediate signal. Alternatively, mutated pS3 
may aa in an independent pathway to pro- 
mote selective features of the neoplastic |^e- 
notypc. 
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NorwaJk Tmis Genome Cloning and Charatterization 




Rg- 1. Electron micrograph of NWalk 
part,d« after OQ gradient ^frirteation v]^ 
u-o., v.„ual,zed by staining ..n* 1% a,^LnZ 
molybdatc. Scale bar, 50 nm ""'"onmm 



taUy infcaed^JS^r^ ^ spcdmcm of volunteers cxpcrimcn- 

«mpI«fro™r,^S^'^f^^^ (butnotptc.) infectSo stool 

A co^^dation wToS^^ Stl^tT 

samples and cuSc^ !™ appcanincc of hybridization signals in stool 

assa^ iK^^SaS dTn« ^^-"^-^ - volunteers, ^bridization 

sequence inforr^S^Kfd^«"^ Z^^' P=^^ ""<='«>ti<l- 

RNAsiepenSt f"^** motif typical of viral 

vind genome should S^S^dS^^^„ro? infonnation of the 

of the molecular biol^f *t S^""*"' "^V^ 



ACUTE GASTROENTERJTIS IS ONE OF 
the most common illnesses in the 
United States (1, 2), with a larcc 
number (up to 42% of outbreaks) of ca^ 
cstmuted to be caused by Nonvalk or Nor- 
M^-Iike viruses (J). Borfi water- and food- 
borne transmissions of Norwalk virus have 
been documented, and particulady large ep- 
i^c outbreaks of illness have occurred 
after consumption of contaminated shellfish 
mcludmg dams, oysters, and cockles (4^10), 
Norwalk virus was discovered in 1973 
but knowledge about die virus has remained 
limited because it has not been possible to 
propgate the virus in ceU culture and suit- 
able anunal models have not been found (2) 
Human stool samples obtained fix)m out- 
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breaks and from human volunteer studies 
have been die only source of virus. xMore- 
over, die concentration of virus in stool is 
usuaHy so low rfiat virus detection bv rou- 
tine electron microscopy is not possible ( / /- 
13). Current mediods of Nonvalk virus de- 
tection include immune electron microscopv 
and odicr immunologic mediods such ai 
radioimmunoassays (RIAs) or biorin-avidin 
cnzyme-linked immunosorbent assays (ELI- 
SAs), which use sera from humans 'in acute 
and convalescent phases. To date, because of 
either insufficient quantities or unusual 
properties of the viral antigen, no hyperim- 
mune serum from animals has been Success- 
fully prepared. Preliminary biophysical char- 
actenzation of virions has indicted that 
particles contain one polvpeptidc (14), but 
efforts to characterize riic viral genome have 
tailed. Therefore, diesc viruses have re- 
maincd unclassified and difficult to study 
Molecular cloning was seen as an approach 
to overcome these problems. 

To permit better diagnosis and molecular 
charaacnzation of Norwalk virus, we con- 
stmacd a cDNA librarv derived from nu- 



cleic acid extracTcd from virions purified 
from stool samples obtained from volun- 
teers. Norwalk virus (SFIIa) was adminis- 
tered orally to adult volunteer (/5 16) 
Stool samples collcaed after infection were 
examined for Nonvalk virus bv cither RIAs 
or direa or immune elearon microscopy 
Stools from txvo patients containing die 
highest amount of Nor%vaIk virus were used 
as die source of virus for cloning. Nonvalk 
virus was purified by mediods Iised prexi- ^ 
ously for preparation of hepatitis A and ^ 
rotavnruses from stool, with some modifica- 
tions (/7. 18), Basically, stools containing 
iNorwalk virus were treated widi Genetron 
(l,l,2-trichtoro-l,2,2-trifluorocdiane) to re- 
move lipid and water-insoluble materials. Virus 
in die aqueous phase was dien centrifu^cd ' 
rfirough a 40% sucrose cushion, and die result- 
ant peUets were suspended, sonicated, and 
badcd in a CsQ gradient for isopycnic cenoif- 
uganon. Approximately 10^ physical partides 
of virus of rdativdy high puricv*(Fig. I) were 
obtained from 500 g of stooL 

Nudeic adds were extracted from diesc 
punfied viruses by proteinase K treatment of 
die samples followed by phenol-chloroform 
extraction and ethanol precipitation {19). 
Because die naaire of the viral genome was 
unknown, the cxtraaed nudeic adds were 
denatured widi methylmercuric hydroxide 
before cDNA synthesis. Random' primed 
cDNA was syndiesized and a small amount 
of cDNA was obtained (19). Direct cloning 
of this small amount of cDNA was unsuc- 
cessftil so a step of amplification of the DNA 
was performed by synthesizing more copies 
of the DNA widi random primers and die 
Klenow fragment of DNA polymerase I ^ 
before cloning. Tliis cloning mediod was fe' 
developed based on control experiments in 
which wc amplified a known cDNA frag- 
ment of hcpatiri.s A virus (20). The procc- 
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ABSTRACT 

A defective adenoviois (Ad) type 5 El- vector has 
been combined with the powerful constttutive 
cytom^dovSnts ^^IIV) ma{or fanaie ^a te eariy (tE) 
prom ot er to produce a novel cuhsnyotic eypros i ti on 
systenu The Ad vector m 
233 ceOs and.ttten' be used toici^ect.a^iirt^ of 
non-pem^ssive oeB types. TKe'.CaofteHfe ^ 
and CliV El gmes ham been tkm 
Ad tec on <i inB nts RAd35 %nd RiM» In 
human fibwltetefalectedvg^ 
d^-Qot) exprosslon could be detected ki iMuiMy lOOH 
Of laigei oensi umcq was no QanBcvaaw nracnpoan 
nxMn uie mi genome ana anrenieiy nig" >aveis oc 
expceesion could Im acMeved wtth lepieaenling 
tlie predominant cytoplasmic cettular protein. 
Ad<fl U onsttyy a number of aQflntSi faidudkig tlie CMV 
CI Qsne product (En RAd31) and foraloofint ^^cfficanliy 
enhanced expression from R A d3S infflcte d human 
filmit>la8ts« Lower levels ef constituthre fi^aX 
expiesSiOnwurBoanineomivuuj mncieaneuicens 
but again eKpressloncouMt>e en ha nced (up to 60 fold) 
liy chemlcai (ndudng ^yntia. Expression from tfie IE 
promoter fci the Ad vector could be repressed by co* 
infection with CMV. 



tHTROOUCnON 

ICgli levd expcesstoQ of reconilwMm pcotctiis can readily be 

acbkved tt»pg AdenovinB (A4) vocKxs v^ 

drivea by ihe Ad nia|(K lite praoiotor (era 

have lioen pcoduGcd based OQ El deklicn nratai^ 

gene tran&^ectivaBes earty phase gene cxpccssioa. Ad £I~ 

mntants can rqdkate in bclpi»' 

hdper fonction but in odicr ^ypes catty pb^ geo^ 

is not activated. Tins paper describes Uie novd 

the powerful constitutive CMV mafor iounediate carty (IE) 

promoter widi a defixtive Ad vector. The Ad vector acts as an 

eictrenidy cl&cieat gene de&veiy system 19 noKhper^^ 

cell populations where lugh levd expression <^ genes doned 

under the control of die 04V IE praniotcr can be achieved. 

Tbe stfeogth of the CNfV i&a|or IE promoter lies pnzxsri!y 
in its enhancer cicment which cootaias a remaiiable array of 
I6« 18, 19 and 21 bp imperfect direct repeats (l^). Ttie 18 and 



19 bp repeats bind ir ao scc ip tion toors widi the propcities of 
NF-kB and the cAMP responsive Inndtog proceitt 
(CREB) Rspectivdy (10 J7 JO), Induction of NF-jrE^Kodtog 
actiWty in Jurfcat ocfis by phorfsol ester treatniea sdoxda^ the 
IE paxnoGcr (27), whiie agents wiudi tncraise CREB activity 
have been diovvn lo enhance expressioo via the 19 bp tcpcai 
(6«15J22«30). Aik&iooafly the IE prooMXer can be <tifwwi3»f>Nf in 
trans by the products of (he C^MV major IE gene itself (8) and 
the Ad Ela gene (9^102). We have oq^^tcd die bdtidble 
propenics of die CMV promoter in the Ad vector to stgnificandy 
enhance yields of an expressed protmn. 

MATERIALS AMD iSTHOOS 
Cells 

Primaiy human hn^ fibrablasts (MRCS cdls) and 293 cdls (13) 
vvcre gram in (Basgow^s modified minimal esseotial media 
(tn^mi tilxxafioncs, Andover« UK)caataioif^ 85C foetal calf 
senim. AO Ad sGocIs were titrated in 3^ ccUs. MRCS ceQs woe 
stimulated by incubatic^ in the presence of 50 ng/ml 
phorfx)M2HnyrisUte-l3-aceute (PMA) and 4 fig/mt 
phytoliOTagghiiimn (PHA). tO |tM forskoltn, ImM dibutyiyl 
cAMP or 2mM sodium butyrate. 

ConstnictKKi or RAd3S and RAd3l 

Ad roconiKxnanls were produced aocordtog to the methodology 
described by McGrocy and OHworlcecs (19). The £1 €oti iaxX 
gene was insetted icfio a transient expression vector noder the 
CQQtrol of the CMV m^ IE promoter (-299 lo -1-69) and 
upstream <d a polyadenylatioo ^grsl (+2757 to 4-3025). 
Nucleotide seqyenoe oundieriqg of the CMV strain Adl69 major 
IE gene is as previously described (1). Tbe CMV IE 
promoCei/icicZ expression cassette was excised (ram the transient 
expression vector on a Amdm fiagment and insetted into the 
Ad trattsfia- vector pMV60 to generate the plasmid pMV35 (Hg 
la). i^dVtiO is identical to pXCX2 (29) except diat a linker 
(contaioxi^ the Ifisaini ckming stc) has been insert^ 
Xbal cleavage site. 

pMV35 and pIM17 were co-tiansfected into 293 cdls and after 
7 days Ad plaques were detected. Plasmid pJM17 contains the 
emire AdSdi309 genome widi the pnricaiyouc vector pBRX 
insetted into die Ela gene. The prokaxyotic vector inseitioa makes 
plMI7 too bfgc to padage into Ad luideocapsids (19). 
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RJlowiia recombinatioa the lEP/iacZ expccssioa cassWe 

analyse oftte M lecoadnnart RAd» 
Agaliabo«hMRCSand293od3^a3). 

A WMod Ad reeouJiinant cortaiung the CMV ina|or 
tamBdiateeaitygMe(IEl)u«fcrAcc«^ 

coaamoiBd using Ae same inelhodology. A cO 
the lEl geoe (1) ««s used IEP/IEIe«pf^««s«e 
was iosHtod Into |MV«) to pRxtax pMV3l. lEP/tocZ and 
EP/El were dooed tnio die Ad tiaasfer wtor « 

oriematioos. Cooseq«n«Iy. in >• *««f=^"l*^' 
Koe B beii« driwn m a rig^it to left direawa wdh to 

Ste conveadooal orieotafiooof the Ad genonie (Rg lb). 

^■GriadosUase assay 

Tbeo»esaon <tf fl^dactosidase 

«fireoi luswiogicd saiM« rfodis vAh ihe di^^ 

X-gdCS*««i»4Hiil«o^3^Bda<yly^»J^^ 
perfiOT&ffi a qwdtitaiwe en^mc asaof oo cdl e«l^ 

SwG (-Mtftiopheiiyl- <^IH^laMopyt^^ 
standard protocol (2fi) CKoq* die «««i«.«''^J^™ 
down to lOOpL tbe assay was pafonncd m a nuootitre piaie 
ncaSosingVMuldsfan MCC pteB nader 

«t414 miL 

Inmuaoftiwcsccncc 

MW3cdU grown oagjasscovcfdip^ 

lEl owcwcloiial tndbody L14.94 

forlo^it 37*C CovcnsOps wcfc washed m PBS before 
moundcg. 

Nocthcni traosfo 

Total cytoplasmic RNA ws purifiod and Northern ttaosfer 
expenmeitfs \mc performed as described previously 04), 

RESULTS 

CbastrtictioQofAditcomba^ 

Inlhecoasliufldottof the reooaifc^ 

Ihe Ad El icgkm was leplaoed the cjtpccsa^ 

lEWIocZ and lEIVlEl as delaikd la Rg 1. 0»s^^ 

Ad iccocriMnarts are El defctioa mutants which rc^mc ihc 

provisiooctfabdpcrfimcdoafbrKp^ 

vifttscs WW plaque purifiod and hirfi litic WIS «^ 

m 2» odk, Rcs&fcfioa cadocwclcaK 

from bodi iQCQcdbtnaflC vinxscs coafinnod the aisetdoa of 

appc op ri atety^sacd ftagroerts (rcsnte not shown). 

The host lange of CMV kcxiiOTcly linnirf 
prodixrdve Infbdioa m vino being r*acrved only in primaiy 
human GKoMasis, In coottist, the ffi prooi^ 

tosioo m a wide varfcly of cen ^ (17^ l^)- 

of cjtpressioa fhra the IE pcocnotcr m Ad itcoadm^ 

investigated bodi cdi fines pcrmisavc (MRC5 cclb) and 

pcrausavc (HdLacdb) liw<MV, Ht^cdb arc unua^ 

foQowing OIV iafecdoo thttc is no dctcctaWc IE gene 

cjcpttaaioa. Nevertheless, the CMV ffi 

in HeLa ccOs when imioduccd by DNA transfcctioo or m a 





LTj^ ^^W^ — 



a 



RAd31 



vtacs RAiBS and (altbeCMV 
msatcdfattoin Adtmxsfcf wtorio 



f^m t GcnertfiaaornoaoAiniiA 
tEpcoaKMor/farZctpccssin — 



WKd 11*1 <1« A4 Baosfo vocKff paS^ 

<o»riec6rf iito 293 <rih fOMn. 

k«o RAcDS tod RAd3t n oppasbe orieocitiaas. 



itiflicrting Ad vcctOT (14), MRC5 aid HcU cdU were 

widi RAd35 and acprcsaon of die lacZ reporter gene assayed 
by directly staining cdb widi the chrcOTU)genic subsoalc X-^ 
When MRC5 celb WW infixlcdal high multiplicity of infection 
(MOO histologtcd stamiog demonstrated P-gal «P«^ ^'J 
virtuaDv 100% of the target ccU pqHdation (Rg 2a&b). Tlie Ad 
%^ctOT weariy functions as a hi^ dficient gene d^ 
mprimary human fibroblasis. However, expression of /J-gal m 
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fto«2.Eipresa»ftomRAd3SttJRAi(Bliao^ MRC5 cdls, <c» tmiofocfcxl HcU 

c^ml (d) KMOS-iifexxai (3G PRJ^cdU HcU odk mtxc stixatd 4Sh pX far 0-^ •ctivity asing the cjbnxnQgotx: $ahsa«c X^t^L T:*^ KA^DSAxskaai ccJh 
jtiiarf»<i2ikWiic«okior. iciKiicto PFUfccOi <Sctortcd l«h pj. infireca 

ill* I IT I w jff wnr^ V Tff T 



RA<QS infected HeU ceih \vas idad 

of moQolayers with X-gal revealed dial cvca at hi^ MOI ocdy 

appioxmiajtdy 10% ofccOs expressed 0-gai at a dctectslilclevd 

(ng2c&d). 

AMiou^ piepafed by the sanK incdK)dol<^ 
RAd35« the lEP/lEl expies^ cassette tosected into 
ta the opposite orientatioa <Fig lb). To test for constitutive 
exprcsstocu RAd31 -infected MRC5 cells wetc stained wiih an 



and^El-specifk: onoaodonal antibody. Ihe diafacteti^ 
imniunofluocesocnoc patcera typical of the CMV ma}^ 
vvas obsen-ed m ^mosc aQ cdls (Fig 2c). In a paralle! coatnri 
expenmenl pcrfonnod with unintected and KAdiS-mfectod 
MRC5 ccDs, iiosignifksml imnutnofhiocesocnoe oould 
(results not shown). lnfecti<m of MRCS cdis vrith RAd3l was 
observed to tndnoc a cytopathtc effect (CPE) even at low MOI . 
The CPE was distinct finom that induced by a wild-type Ad 
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infcctioa aod the results of RNA hyfondisation experiments 
(described bdow) indicased the CMV lEl gene product was 
unable to oooopteoient the Au £1 deietion. This result is in 
agreement with published data from DNA transfcction 
experiments p2). 

Ehiianced expression 

ExpresaoQ^from the CMV IE prcmioter can be stimulated by a 
nuniber of agents; most aotd>ly therlEl g^ne product and by 
inducers of the transcription Csctors NF-xB (e.g. PMA/PHA) 
and CREB (e.g. forskolin and dibutyryl cAMI^ whtdi are 
believed :to bind to the enhancer. The effect of such inducing 
agents on the OfV IE promoter in the Ad vector was 
investigated. Substantiai enhancement of expression was achieved 
in chemically stimulated RAd35-infec(ed MRC5 and HeLa cells 
(Fig 3), The most pronounced effect by a sin^c agent was 
produced by forskolin in MRC5 cells where a 14-fold sttmulatto^ 
in P-gal expression levels was observed. Dibutyiyl-cAMP 



routinely stimulated RAd35 expression less efficiently than 
forskolin. In MRCS cells PMA/PHA treatment produced only 
a slight stimulation in expression and, indeed, had a negative 
effect when used in combination with forskolin. Tte pattern of 
stimukttion by,chemxcal agente m HcLa cells was quite diffeteot. 
None of the agoits alone increased expression dnuiiatically, 
PMA/PHA tresainem iHodik^ the most significant increase 
(4-fotd). There ^WB, however, a synergistic effea wtei any two 
agents were used in' con^ination. When sodiqm bu^rate, 
forskolin and PMA/PHA were added together expression was 
stimulated 6(Mbki (Fig 3b). Sodium buQrrate is an inhibitor of 
DNA replication which is known to modify chromadn structure. 
It has been diown to bodi stimulate expression from the SV40 
and KSV promoters m DNA transfection experiments (12) and 
to induce CMV infection of epidielial cells (24«31). In both 
MRCS and HeLa cells sodium butyrate had a positive effect on 
express levels, especially when used in omibinsdon with odier 
Inducing agents. 
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figure 1. Enhan ced cxpctssioa k RAd3S-infoctod odts. a) MRC5 odls and b) 
HcLacdh ia£cc«od with RAd35 (30 PFU/cc0) tod Cicztcd with codudng tgccts: 
2 coM $o£ma butyrate (NaBut). SOagfaA PMA was used ta oocbbizatcoa wtfii 
4 i^ted ItU (PMA), to ^ Ibnfcatffl and I mM <em^ 
tnrfiictng agcols wot added jmrnafiafcly after Ad infecti on In co-iafection 
cxpenoKats RAHl w»afaoiacd at 30 PFlifedLONPG assays ^mcfc pe t ta t u n d 
oa cdkdar actracts tzLcn 48h p J. 



ActKralkMi of Egpfeitsion Irom RAd 3S bv the CMV IE I Geoe 
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Figare 4. Tcaipcxal caoirot of cxpressioa Irom RAdlS. RAd35 cafecKcd C30 
PFU/ccO) MRCS ocUswctc created with (a) lO|iM focslaoliaar(b)cx>4afeciod 
widi RA^ I II low (3 PfVta^ and high (30 PFUtolD MOI vd 
at itic Cuncs j nd i c ited- Samples were also Calaco Ix awck-infortcd and 
RAd35-cafoc«cd cells m both cHKttaicaXs. caeyrac activity mccD c^u-icts 
w&s measured using an ONPG assay. 



la MRCS cdls, RAd3 1 coHnfectkm stimulaied expression from 
RAd35 i2-rold indicating that Che expressed DEI gene pnrfuct 
was bida^cally active in die context of a virus infection. The 
lEl gene product (expccsseo by RAd31) can stimulate die IB 
pronrater in human film)b]asts, possibly via die 18t^ repeat (8), 
whSe for&olin prcsumaUy stimulates die interacticm of CREB 
wididie 19 bp rqieat (6^1530).*ln)MRC5 cells, die h^hest fcvd 
of i0-gal cq)ressKoa from RAd35^ observed when RAd3I and 
forskolin were used in combination (23^old stimulation). 

Temporal reguladon of express 
During a productive CMV infecdon die IE promoter is active 
only for the first 6 h after which transcription is repressed (20), 
possibly by die action of die CMV IE2 gene ptoducL A scries 
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of time course xperimcms were pcrfmned to investigate 
temporal regulation of cxprcsaon from die IE promoierSr^ 
Ad vector. The Icvd of P-gal expressed by RAd35 ta MRC5 

cdls continues to increase until at Ieastl44hp.L(Ftt4&5) In 
traiKient DNA/caldum ph(Kphafie transfcction cxperim^ 
inaximuhi ei^Kcssion arc reachoi at af^^uny^'^^^ 
post transfa^ vector, hoy^ 

lEP/^Z expression cassette in a transoiipdctaUy ai^^ 
much, longer. ; Furdidrmore fordcplioHcnhancea; «?^)^abri 
continued duoughoia dk dur^^ 

(Fig 4a). Co^nfectioq of RAd3 1 widi RAd35 also otfMwi^ 
expression of /3-gai fhmi die IE promoter tq> to 72h pj^, widi 
die stimulatory effect of die IE 1 gene product beiiig <toiage 

dqjendent (Fig 4b). After die m time poirt RAd3 1 co^nfcctiOT 
began to induce ccU deadi. 

CMV encodes factors which can bodi stimulate and repress 
expression fixMn die IE promoter. CMV co^cction effectively 
repressed /J-gai expression from RAd35 (Fig 5). Since CMV 
infection can complement an Ad Ela defect (32), cytosinc /H>- 
arabinofuranosidc (ara<:) was used in diis experimait to ntfubit 
Ad replication. The repressive effect of CMV OMnfection on 
RAd35 expression was even more prosKNtnced when Ad 
rcpliCTtion ws bdmgii^ ^ 
C by itsdf stimtdaie^ ocpressidn frcxn RAdSSihirectdd odisiidid 
in die afasc»ce of GMV i^^ The IE 

promoteriis^ in die Ad veitor cwteiids from -299 to +W and 
dius contains die ds^scting dement identified as die site of CMV 
IE2-induced rq)rcssion (7,18,23). tie EE promoter m die RAd35 
genome was being negatively regulated duriiig die early and late 
phases of infection ctM>nlii«i!dy with the IE pn^noter in the 
CMV genome. 



Fipiw 5. Bta of CM V ocHnfoctioa on cjqjTCs^ 

gpednicrt the effect of CMV mfecttoa 0 PRZ/ccU), with and wicbout Ani-C 
GO ^od), oa fi-g4 exptcssioQ m RAd35-iarected (30 PFlJ/cd!) MRCS ccUs 
was invesUgated. ^-Cal cnqrmc activity b cell extracts were ixKastucd osing an 
ONPG assay. 
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Ftpirr A. Visuattsalioa of cxpicssod praccm oa a po^yacfylanudc gd, MRC5 
odk n 6 an ^fisncier <fite woe ioibcKxi 
wiih and wiifM tebifo (tfl^ nfticti^ 

ccfl cxtTKts were pcqmed ani samples subjectcxl to grfi. 
PtKSeia gcb were sssncd vsbss Cooomuc Uuc 



Rgwr 7. RNA bybcidbatioa caperimeal to lest Ibr Ad tnnscnpoon in 
oonpcnrassi^t hatran fawxjbUsts, Total cytopUsmic RNA w GCtractcd from 
omnfccced ociis and MRCS ocQs infected with: Mthdcfoctivc AdSdl309 4i 
PFU/oeflK RAdlS at low (10 PFU/ccOl and ^gb (100 PR/<oeni MOC&. with 
and without focdooCn incbctioa. aod RAd3l at low (3 PFU/cc«l and rJQ 
PFlWccn > MOU. RNA was pccpsred 72hpXThc RNA was then sut^joctcd to 
cfectrophotcas in 1% focradicb>^ ^xrase fds. MoOed oa in nttPooeaakKC 
« ^ *w ^" c s aod faybridisal wiA cadjoIabeOod OKA pnto. Tbe icsobo^ 
autoCKfiogn^ifas axe shown: ai Mf^^ 

with a pIMI7 pnibe then ccfaybridisod uith a probe onolahaag the larZ fcnc 
(pON3>. 
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Ex^esaoa Levds 

Exptesskm finm the CM V IE ptiooMter in the Ad ve^ 
shown to increase appreciably with time and to be stnmgiy 
stimalatcd by ceitatn inducing agents. We were interested in 
detenmning what kvds of exprcsaon could be achieved with 
this vector system. MRCS were therefore infected at 10, 
30 and 100 iTO/cd» w& RAd35 thca iaadsSsd fof i44b both 
wi& and widwut forskolin inductiaL Cytoplasmic protein extracts 
were prqsaicd and analysed by SDS^AGE. Expression from 
RAd35 was proportional to die size of the input vims inoculum 
widi or widiout forskolin induction (Fig 6). The level of 
expresdcm detected in non-permis^ve ceQs from the consdtutm 
CMV IE promoter was extremely higfi for a non-replicative 
systen:t An induced protdn corresjxmding to P-gal can be deariy 
identifl;id in Fig 6 lanes 5&6 and m lane 7 it is die pcedominant 
pr(^ein^»des. A densitometricanalyas of lane 7 indicated that 
i3-gal lepresented 173% of total cytoplasmic cellular protein 
giving an estimated yield of approximatdy 27ftg for a 6 
cm diameter tissue culture didi tn tlus sample. In similar 
experiments ^-gal expres^<m levels of greater than 35% total 
cytoplasmic ceU protdn have been achieved (not shown). 

Restnctioa of Ad Vector Expression 
The iwimaiy puqwsc in dcvdoping the vector syacm was to use 
Ad as an efficient gene delivery system to produce expression 
only of the gene doaed under the control of the CMV IE 
promoter. It was hnpoitant, therefore* to investigate wfaeuiei- there 
was significant breakmrou^vio Ad cany and tstc phase geriC 
expression m the iioniKtnusnvexdl line. Total cytoplaanic RNA 
was prqxared from MRCS cells infected widi RAdlS, RAd31 
and a non-defective Ad5. In a hybridisation experiment, a 
radidabdled pIM17 probe (containing the cotnj^ Ad genome) 
was able to d^ect Ad^acodsd ?iNM in MRCS cells infected 
widi the non-defective Ad but not m cells mfected widi RAdSS 
(ynaii or widiout forskulin stimulation) or RAd31 (Fig 7a). 
EdMum bromide staining detnonstrated umilar anKSunts of 
were present in each track (not shown). To further test that 
raRNAs purified from RAd3S4nfected cells were intact a 
hybridisadoa probe containing the gene was also used (Fig 
7b). A major RNA species of «|)proximatdy 3.3kb was detected 
in RAd354nfccted cells whose abundance was proportional to 
the ti^ MCH and ^nhanoed fay forskolin. In MRO ceils infxted 
with both RAd35 and RAd31 there was i!0 evidence of 
breakthrough into Ad gene expression. This experiment also 
Gonfinnod that the C>IV EE 1 gene m RAd3 1 did not amiplement 
the £1 ddetion in die Ad vector. 



OfSCUSSION 

The CMV IE jKocMtcr was combined witfi a defective Ad vector 
to express recombinant gene prochxrts in the target cell population 
without: (I) having to aocoounodate the artificial cooditioas and 
inefficiency assodated widi DMA transfecdoti, (ii) die need to 
ckmaliy sdea coodnuuus cell lines cr (iu) La^mcuCC frcs:: 
vector gene hmctions. Ad type S is a particularly aj^Kopriate 
vector to use as a gene delivery ^em. High titre AdS stocks 
(>10' PFU/ml) can readily be produced, an efficient 
techiiok)gy has been developed to getictate recombinants (19) and 



the virus can infect an exceptionally wide range of cdl types. 
RAd3S has been shown to infect and induce /3-gal expression 
in tmman lymphocytic lines (JM. C8166 and IJ937 cdls), primary 
mouse macrqtoges, primary chick embryo fibroblasts, 293. 
Vero, pordoe kidney and Qiinese hamster ovary cells 
(unpublished resuhs). 

Expression from RAd3S, detectable in virtually 100% of 
infected MRCS cells, was proportional to the size of the virus 
inoculum and continued to increase widi time up until at least 
144b p.L The dfidcncy of expression was much less efficient 
in HeLa cells. Since dicy ate highly suscqstible to Ad infection, 
HeLa oeQs presumafaiy ddicr bdc £sc(ors necessary for activating 
or contain factors ca^xable of repressing the IE promoter. Levels 
of expression attainable in different cdl types win be dependent 
on the susceptibility of cells to Ad mfectioo amdrined widi ddier 
die constitutive or die inducible activity of die CMV IE proQKMer. 

We woe uitercsted in <kterminiag whether die expr^ion 
system coidd be used to study the control of gene cxpresdon. 
The ^bili^ of (I) die CMV IE 1 gene product encoded by RAd3 1 
to trans^tctivaie expression from RAd3S and (u) CMV co- 
infecti<m to refMess expression was dearly demonstrated. The 
cytotoxicity associated widi RAdSl infection suggests the lEl 
gene product may have a role in gen^atiog the CTE assodated 
whh the early (4iase of OIV infection (2). In addition to bdng 
a transcriptional trans-activator, the CMV GEl gene also encodes 
a primary target for cytotoxic T lymphocytes (3). The 
recombinant RAd3l will fedlitate further studies into the 
biolo^cal properties of the CMV major IE protein. 

The CMV IE promoter in the context of the Ad vector was 
suscqrtible to stimulation by a varied of chemical agents. 
Interestingly , the effect of such indudng agents on the promoter 
in MRCS and HeLa cells was quite different. Forskdin dearly 
signiftcandy r«>B»T^T^ expression from the Ad-basod expression 
system in MRCS cells (aldtough not in HeLa cdls) and potentially 
could be used to increase tiie yidd of any recombioam fHOtdn. 
Results obtained witfiRAd35 arc not in comply agreement widi 
data from DMA transfection experiments. Most notably, 
Samrainger and co-workers (30) observed diatcAMP stimulation 
increased expresdon S.2-fold m HeU cdls but 110 etifaanoerocttt 
was detected in human fibroblasts. If sudi differences are due 
to die meduxl (tf gene delivety. dioi the results obtained vddi 
RAd3S are impodant to studies of CMV padiogeaesis. However, 
the Ad vector contains a relatxvdy vkak enhancer dement, 
normally associated widi die Ad El gene, located upstream of 
the CMV enhancer. This addftional esAtassca ekmeot may 
influence exprcssioo from the OfV promoter. 

The combination <^ die CMV IE promoter wtdi a defective 
Ad vector has definite advantages over comparable cxpresdoo 
systems and can dearly be applied to studies of gene regulati<m, 
gene fiinction and antigen presentatioo. A sinular Ad rooooirinfflit 

has reocndy been used to goierate an antibody response in 
vaccinated niioe and provide protection agaiiist a viral challenge 
(16). This iiovd, cffident cxpresaon system has great potoital 
for use m vaodnc devdoprnent and possibly also for use m 
somatic gene dicrapy (25). The defective Ad vector inflicts 
minimal damage on the target cdl population, compared with 
lytic Yscdsh systems, acd provides a degree of biological 
ajntaunmcnL The cxoeptionaUy higb hwU of /J-gal detected i^ 
human QjTDbfasts infected witfiRAdlS exceeded expect^^ 
makes the system attractive simply to achieve high levd 
productioo of recotnbinam proteins. 
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ronstruction of a recombinant adenovirus containing the denV 
ene from bacteriophage T4 which can partially restore the DNA 
repair deficiency in xeroderma pigmentosum fibroblasts 
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The rf^n Vgene from bacteriophage T4 encodes a pyrimidine 
dimcr-specific endonuclease that has the capacity to initiate 
excision repair of DNA. Cells from excision repair-deficient 
xeroderma pigmentosum (XP) patients are able to carry out 
excision repair initiated by the Jen V gene product and intro- 
duction of the ifenV gene into XP cells results in the partial 
restoration of colony-forming ability after irradiation with 
UV light. In this work we have constructed a helper- 
independent recombinant human adenovirus, AdSdenV, 
which contains the denV gtne. A 1.9 kb cartridge consisting 
of the Jen V gene flanked by the long terminal repeat (LTR) 
promoter from Rous sarcoma virus (RSV) and the simian 
vinis 40 (SV40) polyadenylation (poly A) splice signals, was 
inserted into the E3 region of an E3 deletion mutant 
(Ad5dlE3) of adenovirus type 5, Infection of human 
fibroblasts and other permissive human cells with AdSdenV 
resulted in lytic infection and expression of the Jen V gene was 
confirmed by primer extension of infected cell RNA, The 
ability of the Jen V gene to restore the DNA repair deficiency 
in XP fibroblasts was examined usinjg host cell reactivation 
of viral structural antigen formation for UV-irradiated 
adenovirus. The control virus, AdSVSV, was also a 
recombinant which contained the gene for vesicular stomatitis 
virus glycoprotein G inserted into the E3 region of Ad5dlE3. 
UV survival of AdSdenV was similar to that of AdSVSV 
following infection of two normal fibroblast strains and a 
Cockayne syndrome fibroblast strain, CS7SE, from 
complementation group B. In contrast, UV survival of 
AdSdenV was significantly greater than that for AdSVSV 
after infection of three unrelated XP fibroblast strains from 
complementation groups A, C and E. However, UV survival 
i:( AdSdenV in the XP fibroblasts did not reach levels obtained 
in normal fibroblasts, indicating that restoration of the XP 
defect was partial. 



Introduction 

The cloning and characterization of several prokaryotic and 
eukaryotic genes involved with DNA repair is an exciting 
development of the last decade, and is expected to help 



*Abbrcvblt<ins: XP. xeroderma piemcntosum; SV40. simian virus 40; HCR. 
ht»si cell ixractivatitm: Ad. adenovinis; MEM. minimal essential medium: VSV. 
vesicular stoiiuitiils vims: RSV. Rous sarcoma vims: LTR, long terminal repeal: 
Vag. viral stmciunil antigens: CS. Cockayne syndrome. 
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considerably in our understanding of the DNA repair deficiencies 
associated with a number of human diseases (I). 

Xeroderma pigmentosum (XP*) is an autosomal recessive 
disease in humans characterized by an extreme sensitivity to UV 
light and a predisposition to sunlight-associated skin cancer (2). 
Cultured fibroblasts from XP patients are hyposensitive to the 
lethal, mutagenic and transforming effects of UV light (3-6). 
The majority of available XP fibroblast strains have been assigned 
to seven or eight mutually complementing groups, designated 
A-H (2-4,7-9), and have some defect in the incision step ol 
nucleotide excision repair that acts to remove bulky DNA lesions. 
The excision repair defects of XP cells have been reported for 
both the cyclobutane pyrimidine dimer and the [6-4] 
pyrimidine— pyrimidone photoproducts (10— 14). The complexity 
of the initial incision step may be inferred from the identification 
of at least seven distinct XP complementation groups that are 
defective in the incision step. In contrast, the denVgo^ product 
from bacteriophage T4, a pyrimidine dimer -DNA glycosylase 
with an associated apyrimidinic endonuclease activity, has the 
capacity to initiate DNA repair as a single enzyme by incising 
specifically at pyrimidine dimers (15,16). In vitro as well aj 
in vivo studies have shown that XP cells are able to carry ou 
excision repair of dimers initiated by endonuclease V (17—20). 
The denVgen& of bacterioirfiage T4 has been cloned and the DNA 
sequence determined (21,22), Introduction of the denVgcnc inU 
a simian virus 40 (SV40)-transformed XP fibroblast line (23) a: 
well as an XP-HeLa hybrid cell line (24) was found to reston 
partially resistance of the XP cells to UV irradiation. 

One major obstacle in experiments aiming at stabl 
complementation of DNA repair-deficient human cells is th 
scarcity of inunortaiized DNA repair-deficient human cells 
Furthermore, it is apparent that several tumor an 
SV40-transformed human cells show a deficiency in a numbe 
of DNA repair patfiways (25-29), This suggests tfiat the us 
of SV40-transformed human XP cells and XP-HeLa hybrid eel] 
as recipients of DNA repair genes in DNA-transfectio 
experiments may preclude the restoration of *normal' levels c 
DNA r^ir. . 

Host cell reactivation (HCR) of adenovirus (Ad) treated wu 
physical or diemical agents is a sensitive and quantitative measui 
of the DNA repair capacity of human cells and has bee 
successfully applied in the detection of DNA repair defects f( 
a number of different XP fibroblast su^ns (30-32). Adenovin 
has broad host range, making it a suitable vector for the stuc 
of mammalian gene expression, and a number of recombina 
adenovirus vectors have been constructed diat express vario» 
inserted foreign genes (33-39). . 

Combining the use of adenovirus as a mammalian 
vector and UV survival of adenovirus as a measure of the DN 
repair capacity of die infected cell would allow an exammati* 
of the ability of a DNA repair gene to complement the rep: 
deficiency of untransformed primary cell lines. , 
In order to examine the potential use of adenovirus for studyi 
the expression of cloned DNA repair genes in manunalian ce 
we have constructed a recombinant adenovirus containmg 

2- 



7ZfThZTrrZ '"^'"^ °f in several 

. diffcrcm hunm fibroblast strains including excision rcpair- 
deficcnt fibroblast strams from patients with XP. Our reS^ [s 
show a partial restoration in the survival of UV-irradiatS 

of XP fibroblasts from complementation groups A. C and E 
Materials and methods 

Cells 

Slock nKimUawni ,.r Jiploid human fibroblasts as well as h,.m,„ -«» 
grown in scrcw-cap hoillcs iFalam Pi-c . ^ ■ 

essential „«diu„, (alpha-MEMi^E^Z?'"'".*'^;?^'"'''^'*"-'^"'"' 
together wiUiantibU^ll^^^rr?^ '""^ 

the XP nbroblasi sttains XPPBE^i^^ complementauon group B and 
a and XP2RO (GM?415 gl^VEwS^ J^^^ 
Mutant Cdl Rep<«ito,v. CanS^ NJ USA T 

Hamilton. Ontario. CanadT^fa^S^ I^*^' 

7-9 days following a spH. mXl-f S'-^-^'V ^«'""«« 

293 cells are a transformed human cell lin<.«„\.:_-ii l ■ 
of human embryonic kidney celH^^^st ^ ^ tnmsfection 

(40) and wero obtained fZ Dr f^r^T '^"^ "^'^ ^ DNA 
Pathology. McMaster University. Hamilton 

Ontario '^?an^^ Biology and 

Viral stocks on Ad5dl309 (41). Ad5VSV (38) and AHSrf<^v 
titrated on human 293 cells as d«rrifjLi Ad5denV were grown and 

pa™.tal virus used in :^^''^£^y,05^)-A65^ is the 
was constnicted from Ad5dI3(» by i^moJS of^I^f^Ji'^^- ^""^^^ 
between d« Xbal sites at positionsMT%lJ K^!; S Ar '"'^ """.^ 
subsequent insertion of a 2.1 kb frasm^nr rnn.t- ' f ^''^ S'"*"^- «"<1 
vesicular stomatitis vin« (VS V) 08) Cr^lTT^ glycoprotein G from 
u« generously supplied by D^flUS ^t^"^ of Ad5dl309 a«i AD5VSV 
McMaster Univetfy. Hafc^Jio S 
Ptasmids 

pFGDXl contains the right end sequences of AdSrfiwi f ^ „ 
59.5 to 100%. except for the A^JftSf^ ^ « 

pRSVdenV (23)^«ains the Ro^^^/^ J'"^ O^)- 
(LTO) of pRSVcat (42) on a 578 bp ^/^dm f^ f .f ™^ 
(ACXnTG) from ihe Hi,am-SpM tinker oSrmIT,/"^*^ ""P 
fc.SmentofpdenV-52 (43). and U to TOACTcSf AO r ^^'Jl^ 
linker of pSW5 (Prom^a Biotec^Sf^wS^T*"!.'^"^ 
Bgia-Nda fragment Ih^ t>SV2dhrrM^?^' • .' •* 
«nd polyadenyli acid ^ vS/i''po:S~1,S^'rT^^ ^t.*^*" 

contained in the sequence of pRSvLv i^lV L 'f^^' 

rcsuIta«pbsmidw3sdStr*SfSXr?i*'C^^^ 
n«m, containing the RSV and */.l'L,.«^Vlus fv^". x ' ? 
polyadenylation signals was isolated ^nt^wll^ ^= ^ ^'''^ 
.o both ends and inserted into ^^. Z^or ^t^lS^'"^'^ 

Punfication of plasmid DNA h« k. P'^«'-I8 (43). 
Csa-ethidium biSmidTgi^lialts ^ *^">' «»'rift'gauon in 

f^"-'"' of Ae deny gent in adenovirus npc 5 
DNA from Ad5dl309 was extrart»f r^™ 

clseu1«„(34). Aferc^l^^^iS^Titrf '^■^"'"■^ vin.s as described 
.ransfeced into 293 5- "0 of this DNA was 

Graham and van derEb(46)alLwiA5Lm'*T?'° P^'P^ of 
with ^(F^„ •/he',e^fu:.*^;':^';^'£-^PMC^^ 
nwustocb and vital DNA was isolated r«^ri^,^ <«Pa«led into 

previously 05). One t^i^^t^^^^^.^y^ *«*ed 
and designated AdSdenV was selected ZS^J^l P»"«™ 
punfied by two successive pUque Utrati<K./rr93!^r,^ ^ 
from 293 cells. ""^ aocks grown 

Deieaion of den V DNA in AdSden V 

IdentifraUon of DNA sequences specific to the rf„,|/,-.„ri., , 

logcth^ with Southern blooii^ to nitrocdlulL (47)^ * ^f?^ 

wrth^DNA (rom the denvlaMac. whi.* ^J^* i^-^.'^^T™."!*^'^'™' 
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^iL'^Z'Sr^rt^l J^n.d pEMBU8/RSVdenV was 
cartridge was isolated by Wctl Z^T^'T "^^ession 
fragment was then ligatid to pSdTrn?^' 
with Xbal and tieated tlkLT nh^^ h ' "^1* ^ *8«ted 
used to transform aSt^HBim^^-^ "^-^ 
screened for plasmids wiS™ """^ 
linearized with &n mixed i^^- '^''"S plasmid. pMCADV. was 
digested with ^ J^'^^S Ad5d«)9 that had b^ 

plaques arising (.on; ^t^f^^^^ """^ -'^ cells. Of 24 viral 
which contaitid AeZ.^^' ^««^inants. one of 

Solid areas on pternKJ^nt tf^ '^^"^ '^'^V. 

pasmws represent the rf^ik cartridge and pBR322 sequences 



Xba I 
I 



+1 
— (- 



AUG 



545 590 1060 



RSV 3' LTR 



Xba I 
I 

1910 bp 



OenV 



SV40 Poly A 



S;i n?S<^*;*\P^^" ««ridge The cartridge consisted of the 
from fh!3l^^''^y*'%^J^J?°:" PP"" f"^'"^ by 524 bp 
position 510 in L c2ge^I2^ ^''^^ •^j: "^'^ « 
is at position 545 THT^^t!!!^ ^ '*P°'*=^ «^ of transcription 

posi.iS^59T o^ZT^ " 

.ransUtion,enninad^?S^^T^^^of"dS"st^'^r ^"^^ 
followed by the larne T amh.^^^ ^ . ^ * '""^ 
pSV2 plasmid seife Polyadenylauon splice site derived from the 



with, DNA <h.i; x:^^^rwht* M r".*^^ 

l«-'-PIdCTP by nick translation. R^i.^^^'^^; 



Uirough a^lXiriy^-'^d-^^"*^ 

£n:ytncs wtd chanicals 

^S!^^, "^NA "8-* ^ ONA polymerases wete puidvsed 
u^«2toSd ^n^r""*""™" " Boehringer-.Mannheim Biochetricols and 
MO) - AH chemicals .crc from Signu (S. l^is. 

Primer txteitsion 

Canada. The^g^t^S ^""^^ 
b »u«aanK. UM.\I for the present sindy, was a 24mcr 




Th€ denV gene from bacteriophage T4 
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(•!}*. 3. Restriaion endonucfease analysts of AdidenV and the ptasmids used in its constniction. Viral DNA and plasmids were digested and mn on an 0.8% 
j^fiy^c gel. (A) Lanes 1-8 show the ethidium bromide-stained gel. (B) Lanes 2-8 show the Southern blot probed with the L9 kb </enf^ cartridge. The 
pnibc used was the 1.9 kb XbaX fragment which was gel isolated from an Xbai digest of pEMBLlS/RSVdenV. Two hundred nanograms of the fragment was 
nick translated to a sp. act. of -2 x lO' c.p.m./^tg. The marker used was bacteriophage lambda DNA digested with HindlH which produces bands of 
23 130. 9416. 6557. 4361, 2322, 2027, 564 and 125 bp. Ethidium bromide-stained marker lanes arc shown in lanes Al and Bl for comparison purposes. 
Unc 2 contains Ad5dl309 digested with ffmdlll; lane 3 contains ad5denV digested with //mdni; lane 4 contains pMCADV digested with HM\\\\ lane 5 
conuins Ad5den V digested with Xba\\ lane 6 contains pMCADV digested with Xbal; lane 7 contains pEMBLlS/RSVdenV digested with X&al: and lane 8 
contains pFGDXl digested with Wmdlll. 



t5*-CGCGGCAATTCACGATATTCAGCC-3') corresponding to the comple- 
tncniurv' sequetKe from positions 668 to 645 (inclusive) tn the ^<fnK expression 
cartridge (Figure 2). RNA was extracted from Ad5 infected HeLa cells by the 
method of Berk and Sharp (49) and primer extension reactions were carried out 
as described by Jones €t at (50). 

Irradiation of virus 

UV irradiation of virus was performed using a germicidal lamp (General Electric 
Germicidal Lamp G8T5) emining a wavelength of predominantly 254 nm. The 
medxxi employed was essentially the same as that described previously (3 1). Stock 
vims was (filuted at least lO-fold with cold alpha-MEM without serum and a 1 ml 
aWi^ot of virus suspension was irradiated in a 35 mm diameter Petri dish (Falcon 
Plasties) with the dishcover removed, kept on ice, with constant swirling during 
the irradiation. Under these conditions the incident dose rate was in the range 
of I -2 J/m^/s as determined using a J-225 shortwave UV meter (Ultraviolet 
Products, San Gabriel, CA). 

Assay for survival of adenovirus Vag expression 

Non-irradiated and irradiated suspensions of Ad2 were assayed for their abilities 
to foon viral structural antigens (Vag) in the different human fibroblast strains 
as described previously (30). Ad2 b a double-stranded DNA virus which neplkates 
in the nucleus of a susceptible host cell, forming large quantities of viral structural 
pn^cins (51) which can be readily detected by immunofluorescent staining. The 
cvprcssion of viral genes is ordered during the adenovirus infectious cycle, and 
\:rj| DNA synthesis is a re({uiremefU for the expression of Vag proteins (52). 

Fibroblast nK>notayer^ grown in 8 welt chamber slides (Lab Tck Products. 
Napcrville, lL) were infected with either irradiated or non-irradiated Ad2. Three 
^rbl dilutions of the virus were used to infect each slide. Duplicate wells were 
used for each viral dilution, with the two additional wells serving as uninfected 
controls. The dilution series for non-irradiated and irradiated virus were prepared 
separately, non-irradbted virus being diluted to a greater extent than the irradiated 
virus. FbUowing viral adsorption for 90 min, infected cells were incubated in 
growth medium. At 48 h after infection, the monolayers were fixed in cold 
acctonc/ethanol mixture (1:1), incubated in the presence of rabbit Ad2 antiserum 
fw 30 min at 37*0, and then incubated for 30 min with fluorcscein-conjugated 
*inii-niW)(t globulin. For each slide, the number of fiuoncscing centres was counted 
in duplicate wells at three serial dilutions of the virus, and the data points were 
titled to a straight line using least-squares analysis. Taking into account the dilution 
factor, the slope of the line was used as a quantative measure of Vag formation. 
Survival of this viral furKiton was then taken as the ratio of Vag formation for 
irradiated virus compared to that for non-irradiated virus. 



ResuLts 

Construction of an Ad5 recombinant virus encoding the denVgene 
of baaeriophage T4 

The use of adenovirus as a vector to deliver a foreign gene into 
mamniaiian cells was demonstrated by Haj -Ahmad and Graham 
(35) and a number of adenovirus vectors have been constructed 
that express various foreign genes (35—39). A method similar 
to that used by Haj-Ahmad and Graham (35) was used to 
construct a recombinant adenovirus vector carrying the denVg^xs^ 
from bacteriophage T4. 

The outline for construction of AdSdenV is shown in Figure I . 
Firstly, plasmid pEMBL18/RSV(denV) was constructed as 
described in Materials and methods and subsequendy digested 
with Xbal to release the ^/iK expression cartridge as shown in 
Figure 2. The rfenF^ expression cartridge was a 1 .9 kb fragment 
containing the RSV LTR promoter and de/iP^sequerKres plus the 
SV40 large T splice and polyadenylation signals. This Xbal 
fragment was gel isolated, extracted and ligated into the Xbal 
site of pFGDXI. The resulting pBR322-based plasmid, 
pMCADV, contains the right 40% of the Ad5 genome with the 
denV cartridge inserted into the E3 region of Ad5. pMCADV 
was then cleaved with SaR to Imearize it, and co-transfected widi 
fcoRI-digested Ad5dD09 into human 293 cells using the calcium 
chloride method (46). In vivo recombination between overiapping 
homologous regions of the Ad5dl309 £coRI A fragment and 
pMCADV (- 16% of the Ad genome) resulted in the formation 
of Ad5denV. 

Figure 3 shows the digestion (Figure 3A) and Southern blot 
(Figure 3B) analysis of vectors involved in the construction of 
Ad5denV. The blot was probed widi the 1 .9 kb rf^/iK expression 
cartridge obtained by digestion of pEMBLl8/RS VdenV witfi Xfoal 
and subsequent gel isolation and nick translation. In lane 7 the 
parental plasmid pEMBLlS/RSVdenV digested witii Xbal can 
be seen to rdease the 1.9 kb fragment containing the denVgcnc, 
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Ad5dl309(Hin<l MI) 
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kb 3.38 



2.02 



8.32 



2.92 



AdSOen V (Hind MI) 



':Ih t ^ ■ «'-^\ .3.08,2.18 ^1 .01 

kb 3.38 2.02 8.32 .33 2.92 

Fig. 4. Hindin digestion panems of Ad5dl309 and AdSdenV Shows 
fragment sizes in kilobase paire. ""-"khv. ^nows 



leaving the 5.6 kb remainder containing only ihe pEMBLlS 
sequences. pFGDXl is shown in lane 8 digested mtii Hindlll 
producing bands of 9.1, 3.54. 2.9 and 1.34 kb. The Hindlll 
digestion pattetTi of pMCADV is show in lane 4. Comparison 
inf^A'^Tf" P^"^"' of PFpDXl shows the pMCADV has 
lc« the 3 54 kb fragment (which contains the Xbal site) and has 
additjona bands of 3. 1 2.2 and 0.33 kb. due to the two internal 
««din sites m the *«Kcontalning cartridge. AU three additional 
bands contain sequences specific to the denV cartridge as 
Illustrated in the Southern blot (Figure 3B). The orientation of 
die tn^rt can be determined from the known positions of the 
Hindlll sites within the cartridge (Figure 1). The Hindlll 
restriction fragment sizes obtained for pMCADV and Ad5denV 
indicate that the cartridge is inserted with the RSV promoter 
transcribing from right to left along the Ad genome, and this 
onentation IS depicted in Figures 1 and 4. Confirmation of 
transfer of the denVautvidgt is AdSdenV is shown by the Hindm 
and AZwI restnction digestion patterns of Ad5denV shown in lanes 
3 and 5 respectively. These can be compared with Hindm and 
J2«il digests of the source plasmid pMCADV shown in lanes 

rJSnr^l^^rrr rJL'" disappearance of the 

Ad5dl309 HmdlU B fragment and the addition of the denV- 
specific 3.1. 2.2 and 0.33 kb bands in lane 3 confirm the 
construcuon of the desired recombinant Ad5denV. 
m4 transcription of denV-spedfic sequences in AdSdenV-infected 

Previous studies have utilized the detection of correctly initiated 

r^i5^"^c,f ^Jn«'i<=«t'<"' of gene expression in virally 
mfected cells (53). and this strategy was employed in order to 
examine expression of </enK-specific traascripts from Ad5denV- 
mf«:ted cells. The technique of primer exteasion (50) was 
performed using RNA extracted from Ad5denV-i„fected HeLa 
cells at 1 h and 22 h post-infection. Cells were infected at 30 
pbque forming umts/cell and 30 ^g of each RNA sample was 

S,^^Jf r*^r ^"^^^ '^'^ 24mer oligonudeotide 
synthesized was homologous to the denV expression cartridge 
complementary to positions 668 -645 (inclusive) on the denV 
cartridge (Figure 2). It can be .seen in Figure 5 that while no 
appreciable background radioactivity was observed in either the 
purified primer (lane I) or in the reaaion with uninfected HeLa 

^^^-fi""^ 5' °' ^"""''««' ' ^ ''fter infection 

with Ad denV (lane 3). a strong radioactive signal appears at 

J- H ISf V?' "!f^^" 22 h after iSfection 

with Ad5denV (lane 4). The strong radioactive signal indicates 
an abundant RNA transcript that has been initiated at position 
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Rg. 5. Pnmer extension of AdSdenV-infected HeLa «I1 RNA. A 24 base 
oliognucleoiide corresponding to the complementaiy sti^ of the deny 
cartridge sequence from posiUon 668 to 645 (inclusive) was kinased and 
used as a pnmer for reverse transcription of total cellular RNA harvested 
from ADSdenV-infected and non-infected HeU cells. Une 1 contains the 
mput pnmer. LaiK 2 contains size markers of /^H-digested pBR322 
Klenowed with radiolabclled nucleotides, and strand separated. Sizes of 
flints are 623. 528. 405. 310. 243. 239. 218, 202. 191. 181. 161, 161. 
48, 148, 124 III. 91. 77. 68. 35. 35. 27. 27. 16. 10 and 10 bases, 
r *^^<*r w w * P"'^ of reverse transcription of RNA samples 
from Ad5deny^nfected HeU cells harvested at I h and 22 h post-infection 
respectively. Lane 5 shows the products of reverse transcription of the RNA 
sample from uninfected HcLa cells. 



545 in the cartridge sequence, which corresponds to published 
reports for the start of transcription of the RSV 3' LTR promoter. 
This result shows that property initiated rfe/iK-specific RNA was 
made in Ad5denV-infected HeLa cells. 
Survival of UV^rradicacd Ad denV in human fibroblasts 
Previous reports have shown that the introduction of the denV 
protein into XP group A cells by membrane permcabilization 
using Sendai virus (17). and by transfection of the denV gcat 
(23.24), can partially restore the DNA capacity as measured by 
increased cell .survival after UV irradiaton. Since the survival 
of Vag fonnation for UV-irradiated Ad is reduced in XP 
compared to normal human fibroblasts (30). it was considered 
of interest to examine the survival of UV-irradiated Ad5dcnV 
following the infection of XP as well as nonnal human fibroblasts. 
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after infection of normal and Cockayne syndrome fibroblasts. Pooled results 
(itt a number of e.\pcriments using (A) normal fibroblast strain GM2803 and 
,n, t -x-kayne syndrome fibroblast strain CS7SE. AdSdenV, closed symbols 
aiu: .:5VSV. open symbols. The number of experiments for each cell 
Mniui Is shown in Table I. Error bars for the survival points of individual 
experiments are within the symbol size and the survival curves are drawn 
using the Dq values of Table I, 

^ A,XP12BE (GROUP A) B.XP2BE 



Unirradiated and UV-irradiated suspensions of AdSdenV and - 
Ad5 VSV were assayed for their ability to form Vag in a number 
of different human fibroblast strains, including two normal 
strains, a Cockayne syndrome (CS) strain and three unrelated 
excision defficient XP strains from complementation groups A, 
C and E. It can be seen from Figure 6 that the survival of Vag 
formation for UV-irradiated AdSVSV was similar to that for 
AdSdenV after infection of the normal strain GM2803 and the 
CS strain CS7SE from complementation group B. In contrast, 
survival of Vag formation for UV-irradiated AdSdenV was 
greater than that for UV-irradiated Ad5VSV after infeaion of 
the three XP strains, as shown in Figure 7. These results indicate 
a partial complementation of the DNA excision repair deficiency 
in XP cells as a result of expression of the denV gene encoded 
in AdSdenV. 

UV survival curves for Ad Vag formation in the normal and 
CS strains were consistent with simple exponential inactivation 
over the range of doses employed and Dq values calculated 
using linear regression analysis for this single component are 
shown in Table 1. UV survival curves for Vag formation of 
AdSVSV and AdSdenV showed two components for infection 
of the three XP strains as has been reported previously for the 

C.XP2R0 (GROUP E) 
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■m. 7. Sutviva! of Vag formation for UV-irradiated AdSdenV and AdSVSV after '^^^^<'l^<l^l^'^^ ' '^TnTS 

i^rns (A) XP12BE teroup A) (B) XP2BE (group Q and (Q XP2R0 (gtxwp E). AdSdenV, closed symbols and AdSVSV, open symbol^. The number of 
Tl.^^^^ I Error bars for thelirvival points of individual experiments are within the symbol size and the surv.va 



curves are 


drawn using the Dq values of Table I. 












Table I. UV survival of AdSdenV and AdSVSV 


Virus 


Oil strain 


First component 




Second component 




No. of 


Oo 


% HCR 




% HCR 


exp. 


AdSVSV 


Normal 
GM2803 
B.H. 
Mean 


175 ± 12 
206 i: 10 

190.5 








4 
3 




Xeroderma pigcmcntosum 
XP12BE (A^) 
XP2BE (C) 
XP2R0 (E) 


16 db 1 

30 d: 2 

28 ± 5 


8.4 
15.7 
14.7 


38 ± 2 
36 db 2 
53 db 3 


19.9 
18.9 
27.8 


3 
4 
4 




Cockavne syndrome 
CS7SE (B) 


109 8 


57.2 






3 


AdSdenV 


Nomul 
GM2803 
B.H. 
Mean 


178 ± 13 
207 ± 13 
192.5 








4 
3 



Xenxlerma pigmentosum 

XP12BE (A) 35 ds 3 

XP2BE (C) 34 ± 2 

XP2RO (E) 60 ± 5 

Ovlaync syndrome 



18,2 
17.7 
31-2 



79 ± 18 
156 ± 24 
199 d= 9 



41.0 
81.0 
103.4 



survival of Ad2 in these and other XP strains (30-32) a, 

n'r^r rr"*^'"'"" '"'"^^ '''^ shown in Table 

I. The 0„ for the first component calculated in this way could 
be an overestmute smce the regression analysis was based on 
the smgle. lowest U V exposure sun^ival data points of each cur^ e. 

The D„ values obtained for infection of the CS and XP straias 
were expressed as a percentage of the average value obtained 
for the two nornul strains. Percentage of host cell reactivation 
values for Vag forniat.on of UV-inadiated Ad were taken xs 
m^rc forthe jepatr capacity of the infected cells and a,, shm. n 
m Table I The degree of restoration in UV survival for Ad5denV 
compared to Ad5VSV following infection of Ae XP stra^^as 
different for each of the XP strains tested. The restoration ^ 
repair caj^cty due to the presence of the denV gene ^St^,^^t 
for the XP group E strain, where the second componenf^rhe 
AdSdenV survival curve reached a level similar ^that found 
after infection of normal fibroblasts. 

Discussion 

S^A exdsioJ reir^r"^°" ' ^''^'^ complementation of the 
UNA excision repair deficiency m primary XP fibroblasts from 
complementation groups A, C and E as a result of the cxpr^on 
of the rf«,Kge„e from baaeriophage T4 encoded in aEv 
UV survival of Vag formation for AdSVSV in the v,rin.w 

of A^^inS'i^- 7 Ad5VSV was similar to that 

of Ad5denV after infection of the CS strain, indicating that the 
DMA repair deficiency of the CS strain is not complemented by 
the rf«,Kgene product. TTiis is consistent with other rep^Swhich 
indicate that CS cells are not deficient in the incisKp of 
excision repair following UV damage (54.55). DifferencesTn the 
degree of restoration forthe survival of U V- rradia^S S^V 
.n Ae three XP fibroblast strains tested are diousht ^^fl^^ 

tTmTcnl'xpTV''^ ^''^ repair deficiency foundTn 
tne ditterent XP complementation groups tested 

of XP 'll.f"'"'' UV-irradiated Ad following the infection 
of XP cells were consistent widi a twoK:omponent naS « 

repair of UV-,nduced DNA damage in these celiruv survived 

nature (56 57), which may also refiect two components for die 

Aesame two repair processes. Recent work showing ^SLS 

^STxpZ^'^r^:^ ^'f"" of aphidiSn";"^ 
and XP cells gives good evidence tor the existence of two 
pathways for the excision repair of UV-damaprvl nw ^ u 
fibrobh<:K dl^ wi,:u •. u . ^^"^^gcd DNA in human 

be of fiindamentd importance in the excision repSr pr«x5 
In previous studies the c bned deny acne h-w k,^„ • . V^".. 
into SV40-transformed XPI2R0(Mirce,J ^rj"':?"?"^ 
mentation group A (23) as well as an XP «rouo n h , T?-.' 
«n line (24) using DNA-mediated fr^S." ."."^t: sSble 
fZ "T;" so produced show partial restoration of colon!! 
forming abdity and excision repair .synthesis after UV ul.J^ ."^ 
For the SV40-transformed XP grcuip A o.'ns n^i^,^ 'n^diation. 
in cell sun^ival after UV was of f sin^.ar nug^it^ut 
restoration in Ad Vag survival after UV kx-n here fSiS 
254 



infection of the XP group A fibroblasts. The fact that r 
tion by der,y \s only partial in XP cells mav reflect one « 
characteristics of die denV gene product when introduL^^ 
human cells. Firsdy. the protein recoanizes aj?. '"'" 
the repair of UV-induced pyrimidine din«:n;. vWiile lea^J ^!^^^ 
<Hhcr UV-induced lethal lesions (23). This is in ao^ISn^ 
rcp<,rts concerning die biological effects of pyrimidinTn 
and (6-41 ^vrimidine-pyrimidone photopiSuS ^i';^^ 
which are efficiently removed in XP cells (10-13) 
not only does the action of ^e/iKleave non^imer photomS??'^' 
It uLso leaves a modified cyclobutane dimer with an unS?"- 
of termini that are not nonmlly observed in human cells (S^ S!' 
Hence the partial restoration in XP cells mav be due to Sat f 
that the cell sti 1 has to repair a modified din^r. It is Z pi 
that die partial restoration of repair in XP cells by denvSt^!" 
incomplete cutting at cyclobutane dimers due to inacceilSS',"; 
in chromatin of the denV protein. Therefore, the in^'' J 
y^Zt Ad due to the dcV^enc when in^n 

XP cells may not be a true reflection of the role of pyrimS 
dimers in die viral DNA. F/"""aine 

en J^^T^f ^ork demonstrate that an adenovirus vector 

can be effectively used to study the expression of DnX rSir 
genes in a varieQr of untransformed mammalian cell types Se 
u^se of die 3- LTR promoter from RSV appears to be aS^ Sea\ve 
choice of eukaryotic promoter since abundant transcripUorwS 

AdMnV w"' ''''' P--^™'^^ inf^tion^ 
AHSH P'l''"^'^ construcung an El-deleted mutam 

of Ad5denV that can be grown in human 293 cells (35.40) bm 
results in non-lytic infection of human fibroblasts. Infecfion of 
primaor human fibroblasts widi such a vector wou Stow ii 
exammtion of the effects of die denV gene prxxluct on d^e m 
sumval of XP fibroblasts diemselves. If succ^ful, diis approad^ 
could be used to examine the expression of odier clonS DNA 
repair genes in primary human cells. 
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Transcriptional stimulatory properties of virus-encoded transactivators appear to be critical for viral gene 
expression and may be linked to cellular transformation in certain cases. Recently, the simian virus 40 (SV40) 
17-kDa small-t antigen was shown to stimulate transcription of polymerase 11 and III genes In transient 
transfection assays. In experiments performed in our laboratory, two of the polymerase II promoters f the 
adenovirus genome, namely, the Ell-early and EIII promoters, were transactivated by the small-t antigen in 
transient transfection assays. To further elucidate the mechanism of this transactivation, we examined the 
ability of small-t to transactivate the adenovirus type 5 Ell-early and EIII promoters in CV-1 cells under 
conditions in which the small-t gene or the reporter genes were introduced into the cells through transfection 
and other routes. In one approach, we used established CV-1 cell lines which constitutively express the small-t 
gene, and study of the Ell-early promoter was aflforded by infection of an EIA-negative adenovirus type 5 
variant. For the second approach, a recombinant adenovirus was constructed in which smail-t was expressed 
from a replication origin-negative SV40 early promoter in the ElA region of an adenovirus vector (Ad-SV-t). 
The effect of small-t on adenovirus Ell-early and EIII promoter expression was studied in coinfection or 
single-infection experiments. In both cases, transcription of the adenovirus eariy promoters was not stimulated 
by small-t. These and other results indicate that transactivation of polymerase II promoters by small-t occurs 
only when the target gene is in a transiently transfected state. Thus, small-t-mediated transactivation of 
polymerase 11 promoters is dependent on the type of assay system used and may be mechanistically different 
from that of the widely studied EIA. 



: past decade has brought to light a number of virus- 
encoded transcriptional transactivators that appear to regu- 
late the temporal expression of vims-encoded genes and in 
some instances even affect the expression of the genes of the 
host cell. The oncogenic potential of some of these viruses is 
probably an attribute of the latter property of the transacti- 
vators. Among the better-studied examples of viral transac- 
tivators are the adenovirus (Ad) EIA 289-amino-acid poly- 
peptide (33), Ad EIV 19.5-kDa polypeptide (20. 24), simian 
v-rus 40 (SV40) large-T antigen (7), Tax proteins of human 
^li leukemia virus types I (25) and II (9), Tat protein of 
i. iian immunodeficiency virus (11), hepatitis B virus X 
protein (27). and herpes simplex virus ICPO (41) and VP16 
(48) proteins. In Ad infection of human cells, the 289-amino- 
acid EIA protein is known to coordinately regulate the 
efficient expression of the' six early RNA polymerase II 
promoters of the virus in addition to the single RNA poly- 
merase III promoter (33). In addition. EIA has been shown 
to transactivate several cellular genes such as the human 
hsp70 (32) and tubulin (43) genes and the oncogene c-myc 
•12). The SV40 large-T antigen is known to bind to its own 
<iy and late promoters with variable effects; i.e.. it re- 
. esses transcription from the former and stimulates it from 
ihe latter (7, 28), It also binds some host promoters rather 
promiscuously and acts as a regulator of transcription (13. 
23 . 40). Hepatitis B virus is. regarded as the main etiologic 
factor in the development of human hepatocellular carci- 
noma. It has been shown that the X gene codes for a 
transactivating function, and il is able to induce both poly- 
merase 11 and III promoters (49). The 15.5-kDa human 
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immunodeficiency virus Tat protein is a potent transactiv; 
tor of the expression of all sequences linked to the huma 
immunodeficiency virus long terminal repeat (11). 

Recently Loeken et al, showed that in transient transfe< 
tion assays. SV40 small-t enhances expression of the A 
Ell-cariy promoter and the VAI RNA gene (29). This wf 
the first occasion in which a specific function seemed to t 
attributable to this enigmatic protein. To determine tt, 
mechanism of small-t-mediated transactivation of polyme 
ase II promoters, we have studied the effect of small-t on A 
Ell-eariy promoter expression in cells in which smali-t wt 
introduced into cells by two routes other than transfectior 
In one set of experiments, we used cell lines which consi 
tutively express the small-t gene, while in the second set c 
experiments we used a hovel EIA-negative Ad vector th: 
expresses the small-t gene in large amounts. Our resul 
indicate that the smail-t protein does not stimulate transcrii 
tion of the Ell-eariy promoter in either of these experiment; 
approaches. In agreement with eariier reports, we do see a 
eflficient stimulation of Ad Ell-eariy and EIII promoters i 
response to small-t in transient assays. These and otht 
results lead us to suggest that the transactivation of tb 
polymerase II promoters by small-t is dependent on the typ 
of assay system used and may be mechanistically differei 
from that of the widely studied EIA. 



MATERIALS AND METHODS 

Cells, plasmids, and viruses. HeLa. human 293. and CV 
cells were maintained in Dulbecco modified Eagle mcdiui 
containing 10% calf serum for the two former cell lines ar 
10% fetal calf serum f r CV-1 cells. Two established cc 
lines used in these studies are CV-l/tl8 and CV-l/t26, CV 
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cmin T'^'" ^u1- ""stitutively express the SV40 

small-i gene. These cell lines were constructed as described 
previously for mouse cells (35). Plasmid pW2t/cDNA (35) is 
a smail-i clone that contains cDNA sequences coding for the 

fo^t5.„\"ivi'"' ^'riy P™'"«'«'- 

contams SV40 sequences from 294 iKpnl site) to 2533 

{BainHl site; numbenng as in reference 8). The SV40 

sequences in this plasmid are in the pGEM background. The 

fragment from 2666 to 3733 of the SV40 genome is 

f.^ ? f n? ?h A Ji^™"' P^'^^ 0 to 5.0 map units 

(m.u.) of the Ad5 genome. In this plasmid. Ad5 DNA 
sequences from 0 to 5.0 m.u. (Ssdl site) were cloned 

ate modification of the vector (31). Plasmid pEII-early CAT 
TcTuX^^""^ '■^^ ^*P°««^ chloramphenicol 

Jromlter dir' '^'^ ^"-^^^'^ 

Adenovirus mutant rf/309 is a phenotypicaliy wild type 

deletion as rf/312 (30). Mutant rf/312 lacks EIA codina 

Construcuon of the Ad 
t^e wi d ^n. PH "'^I"' eene under the control of 

the wild-type Ell-early promoter (Ad-EII-E-CAT), has been 
descnbed m a previous report (30). This is an EIA-negative 
SJf' '^'^ .E"-^y-CATgene in its EIH Sn 

Direc ion of transcnpaon of the EII-early-CAT gene in this 
virus is the same as that of the resident EII genf 
Construction of Ad-SV-t. The recombinant Ad," Ad-SV-t 

47/o?S2"w.''/^f°"'^ Ad position 

PCP2 was first converted into a Kpnl site; (^i) the 

h^rlSn'!?.'"?"^" ""^'^ of PW2t was converted to ori" 
?h^J rnI?,T„? T ^PP™P"^'e fragment from a plasmid 
that contams an on mutation; (iii) the small-t cDNA 
sequences along with the SV40 eariy promoter were then 
inserted between the Kpnl and BamHl sites of a polylinker 

SmSl vT°'= ^'"^ '^'^l"^ "^"^"'^8*= «f '^'^ ^bal site 
immediately downstream of the BamHl site, the Kpnl-to- 

SH'^^T ; eene, was cloned 

SSvSlvWK ^^''^^'^^s of the modified pCD2 
bv nS/.h/^ ^'V^O'^binant Ad was then constil^ted 

n °. l^.-^^-^- fragment of <//309 and transfectine 293 
ceUs with the ligated DNA sample as describeTby Stow^S) 

Sn''r„fiZ'H?'''"'.P"'^'''^ ^"^^ 'he variant wi 

J^n confirmed by restriction endonuclease digestion of the 

CAT assays. Plasmid transfections or viral infections were 
earned out as indicated in the figure legends, in SeZ^^l 
or presence of cytosine arabinoside (ara-Q (25 itg/ml) The 

legends, and ceU lysates were prepared by sonication Pro- 

Bradford (6). and all assays were carried out with equal 

previously (18) Assays were performed under conditions in 
which conversion of ('"C chloramphenicol to its products 
less than 30% of the total substrate adL. WhS 
necessary, the cell lysates were diluted to obuin valuS 
within this range. Further quantitation was afforded by liquid 

sS o^Th/r"'?^ °^ ^ ^"^ unconverted 

spots on the th n-layer chromatogram. Transfection effi- 
ciency was momtored by including an expression pSsmid 
that expresses a secreted form of the bacterial dkaline 
phosphatase gene and measuring alkaline phosphatase se- 
creted into the medium (2). "^pniiase sc 
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Immunoprecipitations. HeLa or CV-1 cells were inf^ 
with the Ad-Sy-t virus, and the infection was SiiJ^S't*", 
proceed for 8, 16, or 24 h. Cells were labeled for the lltVf 
of the infection with 200 p.Ci of C'Slmethionine per m?'a^„5 
cytoplasmic extracts f the cells were prepared with Trif ^ 
X- 00 (20 mM Tris (pH 8.0). 150 mM^ NaCl 0 
X-100) Immunoprecipitations were performed with i? " 
ster polyclonal ser^m that had been^eneraSd'SnsfX 
SV40 tumor antigens. Extracts prepared from 2.5 x S^l^ 
were incubated with the antibody for 45 min at 4''C and^l'" 
complex was incubated with Staphylococcus proteinXfo^^ 
further 15 mm on ice. The immune complexes wire de„? 

W ^n? ^"'f^'^ <SDS)'and analyzed o„ 

20% SDS-polyacrylamide gels as described previously (4?) 
The protein bands were visualized bv fluor<^raphy 

Pnmer extension analysis. CV-1 or HeLa cells were i„ 
fected with rf/309 (EIA*), J/321 (EIA"), or Ad-SV ^ at 25 
PFU per cell and the infection was allowed to proceed for s 
or 16 h in the presence of 25 ^g of ara-C per ml To^ 

''r^P tlf".^^^ P^^P^^*^ ^ described by SambrSS 
et al. (38). Thirty to 50 ng of the total RNA was usedin elS 

^'"^y- "^^ ^"^y "'^ performed as de 
ATrrm'" r<'f'^'"^"^e 1 except for the following details The 
AO till pnmer was complementary to -H08 to -H33 (with 
+1 as the RNA start site), whereas the p-actin primer useS 
for nonnalization of the amount of RNA was conTpIemenS 
to sequences extending from -h78 to +105 of the huS 
.'."c^^"''- at the 5' end, 10* cpm 

cI^^riF" '^^''°"' a"*l 'he annealing w2 

earned out overnight at 30»C, as described previously (1) 
After precipitation of the nucleic acids, the annealed primer 
was extended for 3 h at 42-C with 40 U of avian myelobSs- 
inH rhT' ni'' transcriptase (Promega Biochemicals), 
ana the extended products were analyzed on 6% DNA- 
sequencing gels. 

RESULTS 

SV40 small-t transacUvates Ad Ell-eariy and EIH promot- 
er! in transfertion assays. To determine whether SV40 small-t 
s imulates transcription of RNA polymerase II promoters in 
ourexpennients, we performed standard transfection assays 
in which the small-t plasmid was eotransfected with an 
Ell-cariy or EIII CAT plasmid (in which CAT gene expres- 
sion is controlled by the Ad Ell-eariy or EIII promoter) into 
J-v-i cells by the calcium phosphate precipitation method, 
iranstection efficiency was monitored by including an 
expression plasmid that encodes a secreted form of the 
bactenaJ alkdine phosphatase gene (2). CAT activity was 
then estunated in Uie lysates as described previously (18) In 
the expenment shown in Fig. 1. EIA stimulated Ellneariy 
Md EIII promoters by 30-foId. whereas small-t stimulated 
tivelT promoters by 35- and 10-fold respec- 

cin f/t^^"' '^^P^'^ ^y f^emnann and Mathews (21). the Ad 
tiB l!*-kDa protein was shown to increase the expression of 
a polymerase II gene in similar transfection assays. Further 
analysis showed that the cause for this transactivation by the 
w-kOa protein was due to increased stabilization of the 
reporter gene in the cells rather than transcriptional trans- 
activation of the gene by the 19-kDa protein. To nile out the 
possibility of a similar effect in our small-t cotransfection 
expenments. we quantitated the CAT plasmid up to 96 h 
posttransfection in mock. EIA, and small-t cotransfections 
in duplicate sets of experiments with dot blot hybridizati ns 
(21). Our results showed that small-t did not stabilize EII- 
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FIG. 1. Transacuvation of the Ad Ell^ariy and EIII promoters 
by small-t or EIA in transient transfection assays in CV-l cells Two 
microns of the Ell-early CAT plasmid or 10 (ig of the EIIl'-CAT 
pla<mid was cotransfected into 35-mm dishes with 2 « of the pGEM 
(c rol) (lane C). EIA (pCD2) (lane +EIA). or smaJNt (pW^.KIane 
rr plasmid by the standard calcium phosphate precipitation 
mc:hod. An expression plasmid which expresses a secreted form of 
bacterial alkaline phosphatase gene was used as an internal cZZ 
10 measure transfection efficiency: 225 j.g of protein was used for 
CAT assays To quantitate CAT activity, samples In lanes 2, 3 6 
and 7 were dduted 10-foId and reassayed (not shown). 



early CAT plasmid. indicating that increased CAT activity 
was not due to the stabUization effect (data not shown) 

.. ]I!i^V*'^'T^^™'"«»«t™ctedceU lines docs not trans. 
J .vate the Ad EU^early promoter. To determine the trans- 
^^^T!" of the small-t antigen in systems that do 

not invo ve transfection. we used ceU lines and viruses that 
express the protein. Phillips and Rundell (35) have described 
Sf:^.!^ ?^ lOTl/2 cell lines that consti- 

were obtained by cotransfection of pSV2-neo. and plasmids 
that encode the small-t and were selected for by G418 
resistance. CV-l ^11 lines that express small-t antigen were 
n-ade in a similar fashion. These cell lines express small-t at 
-s comparable to those found in COS cells (17) To 

actfv'^r,h'^ p|?^' t"^^-' 5y"*«iz«=d by these cells trans- 
activates the Ell-early promoter, cells were infected with an 

futedhf'^Z%^f EIII region is substi- 

tuted by the EII-early-CAT gene (Ad EII-E-CAT [31]) We 

n S*^'^' "^V^"" "^^y '"^""d Ell-early promoter 
in this vmis was efficiently transcribed and ttansactivatcd by 
tiA when coinfected with wild-type Ad (30). Cells were 

harvested, and CAT acuvity was determined in cell lysates 
snown in Fig. 2. there was no stimulation of CAT activity 
small-t m these cell lines compared with a control 

clnnr.?^' ''"^ '^^"S that we 

cannot explain at present, we consistently observed a three- 

Sie^!^!/" w-l"^^ promoter expression in these cells, 
the nr« f ° cumulate Ell-carly promoter when 

tiL^iAT ""troduced into cells by ti^sient transfec- 

decr^fiS "^^hown). To rule out the possibility that the 
oecreased CAT activity in the small-t cell lines was due to 
S'^mL'" '"^^t'O" <^ffi«ency. the cells were infected 
With wild-type Ad5. and the expression of late proteins was 
nomtored at 20 h postinfection. The levels of pratJi fn rte 
•ol ^. small-t-expressing ceU lines were f und to be 
comparable to that of a CV-l cell infeaion (data not shown) 
Mnall-t expressed from a recombinant Ad does not transac- 
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FIG 2. Expression of the Ell-early promoter in stable rv i - 
lines that constituUvely express smill-t. The Ea"Sv Si 
expression was assayed by infecting the cells w aTf vin'^'T;?- 
contains Ell-early CAT in the EIlI%egion (Ad -E-CAtTS 
Cells were infected with Ad variants at 25 PFU per cell for s I 
harvested, and CAT activity was assavlrf ^ 
tm A/i< PI P-A'A-r • '^-^^ assayed as descnbed previous 
(18). Ad5-E2-E-CAT is an ElA-negative virus in which EIli 
subs ituted with Ell-eariy CAT coi^tnict (30). ^321 fan £1 
negauve Ad vanant. CV-1A18 and CV.l/t26 are two suble CV-fi 
Imes which express small-t. CV.1/322 is a coat«,l G418-resisUni c 



bvate the Ad Ell-early and EIII promoters. Because we d, 
,h. ,'^^,M? ''ifV'^^^^^t'O'} in the experiments performed c 
he small-t cell lines, we tried a diflferem approach to addre< 
the same question. We constnicted an EIA-negadve Ad 
vector in which small-t was expressed from the SV40 eari 
promoter. The cDNA copy of the small-t gene along wi^ il 
promoter was cloned into the Ad5 variant dim betwee 
MetSf-^''', '^'^'.^ '''''^'^ in MatetSs Si 
SfustJedlJ'pST" -<=o-bina„t Ad (Ad-S V-t) i 
To determine whether Ad-SV-t synthesized smaU-t i 
''-.'"f DC,? CV-l cells were infected with Ad-SV- 

at Z5 PFU per cell, and immunoprecipitations were pei 
formed as descnbed in Materials and Methods. Substantia 
quantiues of small-t were detected at 16 h postinfection (Fig 
4). Similar results were obtained in HeLa ceUs (data no 
shown). 

To determine the transactivation potential of the viru 
cf/V^'lS ""^ coinfected with Ad-SV-t and A( 
EII-E-CAT at 25 PFU per cell. Mutant <fl309 (EIA*) wa 
used as a positive control. Cells were harvested 8. 16. and 2' 
h after infection, and the CAT activity present in the lysate: 
was determined. The Ell-eariy promoter activity was in 




iiisoa 

SfflaO-t 

FIG. 3. Structure of the recombinant Ad (Ad-SV-t), which ex- 
presses the SV40 small-t antigen. The map umts are positioned on 
the Ad chromosome; the numbers refer to nucleotides on the Ad (16) 
or SV40 (8) chromosome. Construction of the virus is described in 
Materials and Methods. The solid block shows deletions. The 
inverted triangle shows a 6-bp insertion at the replication origin 
(Bga site) of the SV40 DNA. The solid line with an arrow below the 
viral chromosome shows the primary transcript synthesized from 
the small-t gene. 
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FIG. 4. Immunoprecipitation of small-i from CV-1 cells infected 
with Ad-SV-i. CV-1 cells were infected with the Ad-SV-i variant for 
8, 16, or 24 h at 25 PFU per cell, and the cells were metabolically 
labeled with 200 \lQ\ of ("Slmcthioninc per ml for the last 8 h of 
infection. Small-t was immunoprecipiiatcd with a polyclonal antise- 
rum as described in xVCaierials and Methods, and the proteins were 
analyzed on a 209^ SDS-polyacrylamide gel. Mock- and SV40- 
infected cells were also immunoprecipitated with the same antibody 
simultaneously. WT, wild type. 



creased by EI A by about 11-fold at 16 h postinfection, 
whereas small-t failed to induce this promoter at all time 
points tested (8, 16, or 24 h postinfection; Fig. 5A and Table 
1), and the extent of stimulation was less than twofold that 
produced by our EIA" control in any of our numerous 
experiments. At 24 h postinfection, most of the cells come 
off the plate in t//309 infections. This is probably why we did 
not see iransactivaiion of the Ell-early promoter by t//309 at 
24 h after infection (Table 1). 

Treatment of infected cells with ara-C for prolonged 
periods lengthens the eariy phase of infection and induces 
EIA proteins to high levels, leading to increased stimulation 
of viral EIA-sensitive promoters (15). To determine whether 
ara-C treatment would facilitate the small-t-mediated trans- 
activation of the Ell-eariy promoter, we performed coinfec- 
tion experiments in the presence of ara-C. Although the 
EIA-mediated transactivation of the Ell-cariy promoter was 
increased in these experiments, ara-C treatment did not 
improve that of small-t (Fig. 5B and Table 1). Finally, 
because small-t was expressed from a human Ad vector that 
replicates in human cells, we examined whether small-t 
expressed from Ad-SV-t would transaciivate Ell-eariy pro- 
moter in human cells. HeLa cells were infected with Ad- 
SV-t and Ad EII-E-CAT for 8 and 16 h, and the CAT activity 
expressed from the chimeric gene was determined. As 
shown in Fig. 5C, small-t failed to transactivate the Ell-eariy 
promoter, whereas EIA transactivated the Ell-eariy pro- 
moter efficiently. These results lead us to conclude that the 
SV40 small-t does not transactivate the Ad Ell-eariy pro- 
moter in a manner similar to that of the Ad EIA, 

As was mentioned previously, the SV40 small-t gene in 
our construct is under the control of the S V40 eariy promot- 
er/enhancer sequences. Since the regulation of SV40 gene 
expression is on a slower temporal scale than is Ad gene 
expression, we considered the possibility that the difference 
in transactivation of the Ell-cariy promoter by EIA and 
small-t may be due to the difference in levels of the proteins 



in the cell for a given time point. To rule out this possibility, 
we performed preinfection experiments in which the trans- 
activator virus (containing either EIA or small-t) was in- 
fected into CV-1 cells, and the reporter Ell-eariy CAT virus 
was superinfected into these cells 8, 16, or 24 h after the first 
infection. The double infection was then allowed to proceed 
for a further 8 h. Transcription from the Ell-eariy promoter 
was estimated by assaying for CAT activity in cell lysates of 
these infected cells. There was no appreciable increase in 
expression of the CAT gene even when small-t was allowed 
to accumulate in the cell for 16 h (data not shown). 

The Ell-eariy promoter is rapidly activated in the Ad 
growth cycle. Small-t in our Ad-SV-t virus was expressed 
from the SV40 eariy promoter, which is activated more 
slowly in natural SV40 infection than is an Ad early pro- 
moter. It was therefore possible that small-t did not accu- 
mulate rapidly enough to cope with the kinetics of the Ad 
Ell-eariy promoter activation. To rule out this possibility, 
we constructed another Ad variant, Ad-CMV-t, in which the 
SV40 small-t was expressed from the enhancer/promoter of 
the major immediate-early gene of human cytomegalovirus 
(51). Expression of the small-t from this extremely strong 
promoter resulted in the accumulation of substantial 
amounts of protein 6 to 8 h after infection (comparable with 
that produced by Ad-SV-t 16 h postinfection). Coinfection f 
this virus with the Ad EII-E-CAT virus did not cause 
transactivation of the Ell-eariy promoter at 10 h after 
infection (45a). 

As mentioned above, small-t was capable of transactivat- 
ing the Ad EIII promoter in transient transfection assays. To 
determine whether Ad-SV-t would transactivate this RNA 
polymerase II promoter, we assayed transcription of the 
EIII promoter in single-infection experiments. CV-1 or 
HeLa cells were infected with <//309 (EIA*), J/321 (EIA'), 
or Ad-SV-t at 25 PFU per cell for 8 or 16 h, and transcription 
from the EIII gene of the same virus was quantitated by the 
extension of labeled primers complementary to the EIII 
mRNAs of the virus. The presence of EIA in the virus 
elicited an approximately 10-fold increase in the transcrip- 
tion of the EIII gene compared with EIII gene iexpression in 
the absence of EIA at 8 h postinfection (Fig. 6, lanes 1 and 
2). However, we did not see a comparative increase in the 
EIII transcription of Ad-SV-t (lane 3). At i6 h postinfectioti. 
there was no increase in EIII transcription in our recombi- 
nant virus compared with the EIA-negative ^//321 (lanes 4 to 
9). As has been reported by others, we have observed 
* decreased transcription of the EIII promoter at late times 
(4). One possible explanation for this finding is that the ara-C 
used to block DNA replication in these experiments did not 
function at maximum efficiency. 

We considered the possibility that our failure to observe 
transactivation of polymerase II promoters in virus infec- 
tions resulted from an inhibitory effect of small-t on the 
transactivation mechanism when the protein was expressed 
by an enhancer/promoter in the context of the viral chroino- 
some; for instance, there might be competition for a limiting 
transcription factor. To rule out any negative effects f the 
small-t expression system on the transactivation of RNA 
polymerase II promoters, we studied the EIA-mediated 
transactivation of the Ell-eariy promoter in the presence ^f 
small-t. CV-1 cells were coinfected either with dtlQ^ (EIA*^) 
and the Ell-eariy CAT vector or with ^//309 (EIA*), Ad- 
SV-t, and the Ell-eariy CAT virus for 16 h; all infecUons 
were carried out at 25 PFU per cell. Comparable tratisacti- 
vation of the Ell-eariy promoter was observed both in the 
presence and in the absence of the small-t antigen (Fig. 7). 
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• IG, 5, TranscripUonal stimulation of the Ell-cariy promoter by EIA or small-t in virus infections. (A) Transactivation of the Ad Ell-eariy 
r :notcr by EIA or small-t in CV-1 cells in the absence of ara-C. The cells (60-mm dishes) were infected with (EIA*), (EIA"), 
aiid Ad-SV-t in the absence or presence of Ad EII-E-CAT as indicated. All infections were carried out at 25 PFU per cell. Cells were 
harvested at the indicated time points, and 50 fig of the protein was used for CAT assays (18). Lanes 9 to 13 represent CAT activity for 16-h 
samples after 10-fold dfluUon. (B) Transactivation of the Ad Ell-eariy promoter by EIA or the small-t in CV-1 cells in the presence of aia-C. 
Mectioos were carried out in the presence of 25 jtg of ara-C per ml. Other details arc as for panel A. Samples in lanes 3 to 5 were diluted 
lO-fold and assayed in lanes 11 to 13, and samples in lanes 8 to 10 were diluted 10-fold and assayed in lanes 14 to 16. (C) Transactivation of 
the Ad Ell-cariy promoter by EIA or the small-t in HeLa cells in the absence of ara-C, Experimental details are as for panel A. Samples in 
lanes 3 to 5 were diluted 10-fold and assayed in lanes 11 to 13. whereas samples in lanes 8 to 10 were diluted 10-fold and assayed in lanes 14 
to 16. 



Ad-SV-t-€ncoded small-t can transactivate the Ell-early 
promoter when the promoter is introduced into cells by 
transient transfection. We then considered the possibility 
that transactivation of the Ell-early promoter by small-t is 
dependent on the state of the target gene. If this is true, the 
Ad-SV-t-encoded smali-t would transactivate the Ell-eariy 
promoter when CV-1 cells are infected with Ad-SV-t and 
transfected with Ell-early CAT plasmid. CV-1 cells were 
transfected with Ell-early CAT for 60 h and then infected 
with Ad-SV-t at 25 PFU per cell in the presence of ara-C. 
Sixteen hours following infection, cells were lysed and CAT 
ictivity was determined (18). Mutant J/309 (EIA*) infecUon 
was also carried out as a positive control. After correction 
for transfection efficiency, we found that both EIA and 
small-t stimulated Ell-eariy promoter by approximately five- 



fold (Fig. 8 and Table 1). Thus, it seems likely that one of the 
requirements for small-t-medtated transactivation is that the 
target gene be present in the cell in a transiently transfected 
form. 

DISCUSSION 

Although the SV40 small-t antigen plays an auxiliary r le 
in transformation, particularly when growth-arrested cells 
are used, a role for this protein in the vims growth cycle is 
yet to be established. It may be mentioned, however, that 
small-t mutants of S V40 were found to replicate with a lower 
efficiency in some cell lines than did its wild-type coimter- 
part (42). The small-t antigen is required for the anchorage- 
independent growth of SV40rtransformed cells at limiting 
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TABLE 1. Effect of small-t on Ell-early promoter expression in transient transfections and vims infections in CV-1 cells* 



Expt 



Root c of introduction of activator or promoter 



Product formed (nmol) 



Activator and reporter by transient assays 
Ell-early promoter (pEII-E-CAT) 

Control (pGEM) 

+ ElA(pCD2) 

+Sma!l-t (pW2t) 
Ein promoter (pElII-CAT) 

Control (pGEM) 

+ EIA (pCD2) 

+SmaII-t (pW2t) 
Activator and reporter by virus infections 
Ell-early promoter (Ad-EIi-E-CAT), 16 h 

Control (rf/321) 

+ EIA (t//309) 

+SmalUi fAd-SV-t) 
Ell-eariy promoter, 24 h 

Control idBll) 

+E1A idl309) 

+Small-t (Ad-SV-t) 
Ell-eariy promoter, 16 h {+araC) 

Control (dim) 

+EIA W/309) 

+Small-t fAd-SV-t) 
Ell-eariy promoter, 24 h (+araC) 

Control (i//321) 

+ EIA(4//309) 

+SmaU-i (Ad-SV-t) 
Activator by virus infection, reporter by transfection 
Ell-early promoter (pEII-E-CAT) 

Control (dmi) 

+Ei A (dim) 

+SmaII-t (Ad-SV-t) 



Fold inductioQ 



0,02 
0,56 
0.59 

0.015 

0.52 

0,15 



0.92 
10.3 
1.05 

5.0 
7.9 
7.4 

0.004 

0.54 

0.005 

0.005 

0.49 

0.006 



0.17 
0.84 
0.92 



1.0 
29.4 
30.9 

1.0 
35.7 
10.3 



1.0 
11.3 
1.14 

1.0 

1.58 

1.48 

1.0 
154 
1.4 

1.0 
91 
1.1 



1.0 
4.9 
5.4 



* Data for experiments I, 2, and 3 arc quanUtated from results obtained in Figs, 1, 5. and 8, respectively. See Materials and Methods and figure legends for 
details. For experiments 1 and 3, CAT assays were performed by incubating the lysatcs for 2 h rather than the standard incubation time (30 min). Assays were 
always performed under conditions in which the conversion of (**C|chIoramphcnicol to its products was less than 30% of the total substrate added Samples were 
diluted whenever necessary to obtain values within this range. 



concentrations of large-T (5). Also, the small-t protein has 
been reported to disrupt intracellular actin cables in some 
instances of nonpermissive infection (19), although contra- 
dictory results have been obtained (35). In SV40-infected 
monkey cells, small-t has been found to be associated with 
two cellular proteins of molecular sizes 61 and 37 kDa (37). 
Recent studies show that these proteins correspond to the A 
and C subunits. respectively, of the cellular enzyme serine- 
and threonine-specific protein phosphatase 2 A (PP2A) (34. 
50), The observation that small-t could transactivate the Ad 
Ell-early promoter and VA gene expression to levels com- 
parable to those produced by the better-documented Ad EIA 
protein in transient transfection studies (29) opened up a field 
of new possibilities. We have used four independent ap- 
proaches to further study this observation. In the first 
approach, transactivation of the polymerase II promoters 
was studied in constructed CV-1 cell lines which constitu- 
tively express small-t. The Ell-eariy promoter was intro- 
duced into these cells by infection or transfection. In the 
second approach, both the activator and the target genes 
were introduced into cells by transient transfection. In the 
last two approaches, small-t was introduced into cells by 
virus infection, whereas the target genes were present either 
in the context of the viral chromosome or in a transient 
transfected state. Efficient stimulation of polymerase II 
pr moters was observed only when the reporter gene was 
introduced into the cells by transient transfection. The 
observation that CV-1 cells which constiiutively express 



smail-t failed to transactivate the Ell-eariy promoter even 
when the Ell-cariy promoter was present in the cell in the 
transfected state is intriguing and is not consistent with this 
conclusion. Perhaps these cells are desensitized for the 
small-t effect (see below). Notwithstanding this observation, 
our data suggest that transactivation of polymerase II pro- 
moters by small-t occurs reproducibly in transient assays 
and thus may depend on the state of the target gene. This is 
in striking contrast to the ElA-mediated transactivation 
effect which can be observed regardless of the context in 
which the target gene is expressed. 

Because data accumulated until now indicate that small-t 
is not a DNA-binding protein (36), small-t probably does not 
carry out its proposed transactivation function directly. The 
association of small-t with PP2A may have a role in the 
small-t-mediated transactivation function. The lack of trans- 
activation by small-t in small-t-expressing cell lines could be 
explained by the argument that the constant presence of the 
small-t protein in the cell has by some means desensitized 
the cell to the effects of small-t. For example, cell lines may 
adapt to the chronic presence of small-t by slightly increas- 
ing PP2A levels such that PP2A is in excess over small-t. 
Modest increases would be quite difficult to detect using 
single cell lines in which clonal variability could also play a 
role. 

Why does small-t transactivate polymerase II pr moters 
in transfection assays but not in a virus infection? It seems 
unlikely that the small-t expressed in Ad-infected cells is 
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FIG. 6. Transcriptional transactivation of the Ad EIII promoter 
by EIA or small-t in CV-I and HeU cells. CV-1 or HeLa cells were 
infected with d[309 (EIA*). (EIA"). or Ad-S V-t at 25 PFU per 
^1! for 8 or 16 h in the presence of 25 fig of ara-C per ml. Protocols 

- the extraction of total cytoplasmic RNA and the primer cxten- 
-.on reaction are described in Materials and Methods. A 5'-end- 
iabeled Haelll digest of pBR322 DNA was used as markers Gane M; 
indicated in nucleotides). The extension product of the EIII primer 
IS 133 nucleotides and is denoted by the arrow. Quanlitational 
normalization of the RNA in each of the lanes was done with p-actin 
mRNA. The product of this primer extension reaction is shown at 
the bottom. 
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FIG. 7. Activation of the Ell^y promoter by EIA in the 
presence of the small-t protein. CV-1 ccOs were coinfected with 
viruses indicated. All infections were carried out for 16 h at 25 PFU 
per cell in the presence of 25 jig of ara-C per ml. Cell lysates were 
then prepared, and CAT activity was estimated. 



chromatin structure of the target gene is considerably dif- 
ferent from that of the viral or host chromosome, which may 
be sensitive to the small-t efifect. Alternatively, there may be 
a compartmentalizatlon effect when transfected and infected 
genes enter different locations in the nuclei where they have 
varied access to different transcription factors. Recent re- 
sulu from our laboratory confirm the fact that discrepancies 
do seem to arise between experiments that involve infection 
and transfection protocols (30), In a detailed study of the 
transcriptional regulation of the Ad Ell-eariy promoter, we 
previously showed that in transfection assays, promoter 
mutants with mutations in the TAGA, ATF, or two EIIF 
motifs were all induced by EIA (31). However, when these 
mutants were reinserted into the virus genome and therefore 
analyzed in the context of the viral chromosome, none of the 
mutants were induced by EIA, indicating that the four 
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biologically inactive, as our results show that small-t ex- 
ressed by Ad-S V-t can transactivate the Ell-eariy promoter 
vyhen the promoter is present in transfected state. In addi- 
tion, there are several examples in which Ad vectors were 
Jised to express biologically functional proteins. The SV40 
large-T antigen expressed from an Ad vector retains its DNA 
replication functions (47). and the polyomavirus middle-T 
antigen also retains its biological functions when expressed 
from an Ad vector (3. 12, 39). Because basal and EIA- 
mduced expression of the CAT gene from the Ad Ell-eariy 
promoter was not hampered by the presence f small-t (Fig. 
5), it is unlikely that the enhancer/promoter expression 
system for small-i in our recombinant viruses, Ad-SV-t and 
Ad-CMV-t (45a), is competing for a limiting transcription 
factor. It is possible that in transient transfection assays, the 
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FIG. 8. Transactivation of the Ell-cariy promoter in CV-1 cells 
when cells were transfected with the Ell-eariy CAT plasmid and 
infected with Ad-SV-t or rf/309 (EIA*). CV-1 cells (30-mm dishes) 
were first transfected with 2 \ig of the Ell-eady CAT plasmid for 60 
h and then infected with different Ad mutants at 25 PFU per cell in 
the presence of 40 ftg of ara-C per ml. Cells were lysed 16 h after 
infection, and equal amounts protein were used for CAT assays. 
Samples in lanes 3 and 4 were diluted 20-fold and rcassayed in lanes 
5 and 6, respectively. 
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upstream elements, i.e., the ATF. TAGA, and the two EIIF 
sites, acted in concert to regulate the EIA induction of the 
promoter, contradictory to the conclusions drawn from 
transfection data (30). The same data are also indicative of 
the fact that transfection assays do not accurately mimic the 
ongoing regulation of virus-infected cells. A number of viral 
genes have been shown to possess transaclivation properties 
in transient transfection assays. It will be important to 
examine whether the transactivaiion property f these genes 
is confined to transfection assays as is reported here, or 
whether their induction capacities extend to several ass;»y 
systems as does the Ad EIA. 
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Adenovirus El A under the Control of Heterologous Promoters: Wide Variation 
in El A Expression Levels Has Little Effect on Virus Replication 
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Adenovirus early region 1 A (6 1 A) encodes a heterogeneous family of proteins some of which function as transactiva- 
tors and are required for efficient viral replication in He La cells. We have constojcted adenovirus type 5 (Ad 5) mutants 
in which the El A transcription unit is placed under the control of either the human /3-actin promoter or the human 
cytomegalovirus immediate early promoter. The level of El A expression in cells infected with these mutants was 
several times higher than that in wild-type virus infections. When the same heterologous promoters were Inserted 
upstream of, but in the opposite orientation to, the El A transcription unit, the level of expression was greatly reduced 
with respect to wild-type levels of El A, Despite this variation of at least 40-fold in the concentration of El A proteins in 
infected cells, there was no significant difference between wild-type Ad 5 and any of the mutants in their ability to 
replicate in HeLa cells. These results suggest that very low levels of El A proteins are sufficient for virus production in 
cultured cells and that wild-type Ad 5 produces an amount of El A in excess of that required. © i99o Academic Press, lew. 



INTRODUCTION 

Early region 1 A (E 1 A) of adenovirus is the first/egion 
of the viral genome to be expressed in infected cells 
(Nevins era/., 1979). The primary El A transcript is dif- 
ferentially spliced to produce at least five mRNAs, four 
of which (1 3 S. 1 2 S. 11 S, and 1 0 S) differ in size and 
number of introns, but maintain the same reading 
frames and consequently encode highly related pro- 
teins (Perricaudet era/., 1979; Stephens and Hariow, 
1 987; Ulfendahl er a/., 1 987). The fifth message, a 9 S 
transcript, shares the same 5' and 3' ends with the 
.other El A mRNAs, but is spliced such that its second 
exon is predicted to be translated in a different reading 
frame (Virtanen and Pettersson, 1 983). The 1 2 S and 
1 3 S mRNAs are expressed both early and late after 
infection {Berk and Sharp, 1978; Chow er a/., 1979). 
whereas the 9 S. 10 S. and 1 1 S transcripts are de- 
tected only at late times (Ulfendahl er ai, 1987). All of 
the El A gene products are post-translationally modi- 
fied, principally by phosphorylation (Gaynor er a/., 
1982; Yee er ai. 1983), giving rise to many different 
species of El A proteins which can be distinguished by 
their electrophoretic mobility (Yee and Branton, 1985a; 
Hariow era/., 1985). 

El A plays a role in a number of important biological 
functions in adenovirus-infected cells. El A proteins 
are capable of immortalizing primary cells and of coop- 
erating with El B or H-ras to induce complete transfor- 
mation (reviewed in Graham, 1984) and are also in- 

' To whom requests for reprints should be addressed. 



volved in regulation of gene expression. Transcrip- 
tional activation of El A and other eariy viral promoters, 
as well as of a number of cellular promoters, can be 
induced by El A gene products (reviewed in Berk, 
1986). In addition, both cellular (Hen era/., 1985; Stein 
andZiff, 1987; Webster era/., 1988) and viral (Bonrellier 
a/., 1984) enhancers, including the El A enhancer it- 
self, can be repressed by El A proteins. Repression 
and activation are unlikely to be direct effects of E 1 A on 
enhancers and promoters since El A does not bind 
DNA in a sequence-specific manner (Ferguson et ai, 
1985; Chatterjee era/., 1988). However, several cellu- 
lar proteins are known to bind El A products (Yee and 
Branton, 1985b; Hariow era/., 1986); thus El A might 
regulate expression by interacting with cellular media- 
tors (Beric. 1 986). 

The ability of E1A to both activate and repress its 
own transcription complicates the analysis of El A mu- 
tants. Mutations in El A which affect autoregulation 
might indirectly affect other functions through changes 
in the level of El A protein synthesis. As a preliminary 
attempt to overcome this problem, we have con- 
structed viruses in which expression of the El A gene 
has been placed under the control of heterologous 
promoters. An additional motive for constructing such 
viruses was to enable us to correlate the sensitivity of 
various El A functions, such as transformation and 
virus replication, to changes in the levels of El A ex- 
pression. 

Two promoters were chosen as most suitable for 
this study. The i3-actin promoter has been shown to 
function at high levels in transient expression assays in 
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a wide range of cell types (Gunning et ai, 1987; 
Sugiyama e( ai, 1 988) and appears to be insensitive to 
El A products (Webster ef a/., 1988). In addition, we 
have utilized the human cytomegalovirus (HCMV) im- 
mediate early (IE) enhancer/promoter which was 
shown to induce very high levels of expression and to 
have little cell type or species preference (Boshart et 
ai, 1985). It is not clear, however, whether or to what 
degree the HCMV IE promoter is sensitive to adenovi- 
rus El A proteins. 

We have constructed mutant adenoviruses by in- 
serting each of these two promoters between the wild- 
type El A transcription initiation site and the El A open 
reading frame. The analysis of both El A expression 
and El A function in cells infected with the mutant vi- 
ruses is described here. 

MATERIALS AND METHODS 
Construction of recombinant plasmids 

All enzymes used in cloning were purchased from 
Bethesda Research Laboratories (Burlington. Ontario). 
New England BioLabs (Beverly, MA), or Boehringer- 
Mannheim. Inc. (Dorval, Quebec). Plasmids were con- 
structed by standard methods (Maniatis et at., 1982) 
and used to transform (Mandel and Higa. 1970) com- 
petent bacterial cells (LE392 except as noted), Plasmid 
ON A was prepared by the alkaline lysis method of Birn- 
boim and Doly (1979). 

Plasmid pX548c was constructed by D. Bautista et 
al. (manuscript in preparation). This construct (derived 
from pXCl; McKinnon ef a/., 1982) contains all of the 
Ad 5 Xho\ C fragment with a unique BamH\ restriction 
site at nucleotide 548 of Ad 5 generated by linker inser- 
tion (Fig.. 1 A). 

The human /3-actin promoter was obtained originally 
from the plasmid pH^SAPr-l (a gift of D. Huszar, White- 
head Institute, MA) described by Gunning et al. (1 987), 
The Sac\ fragment of pHj3APr-l (from approximately 
-2000 to -450 relative to the iS-actin transcription 
start site) was deleted and replaced with a BamH\ linker 
to generate plasmid pi3APrASac. Subsequent fiamHI 
digestion released a 1 .4-kb DNA fragment carrying the 
/3-actin promoter flanked by linker sequences. This 
fragment was ligated to flamHI-digested pX548c, and 
plasmids were selected which contained the /?-actin 
promoter in the same (p/5548-1) or opposite {pi8548-2) 
orientation as the El A transcription unit. 

The HCMV immediate early promoter was isolated 
from the plasmid pUCIEPenv (a gift of G. W. Wilkinson. 
Public Health Laboratory Service, Centre for Applied 
Microbiology and Research. Porton Down, Salisbury) 
in which the IE promoter is flanked by an EcoRI site 
upstream and a fiamHI site downstream (G. W. Wilkin- 



son, personal communication). pUCIEPenv was di- 
gested with fcoRI and made blunt ended with the 
Klenow fragment of DNA polymerase I. BglW linkers 
were ligated to the fragment which was subsequently 
digested with BglW and BamHl The o!38-kb fragment 
containing the promoter was inserted at position 548 
of pX548c. Plasmids were selected which contained 
the HCMV IE promoter inserted in the same (plEP548- 
1) or the opposite (plEP548-2) orientation as the El A 
transcription unit. 

In order to constoict a reverse orientation promoter- 
insertion mutant unable to synthesize the 13 S El A 
gene product, a plasmid was generated containing a 
stop codon within the region of E 1 A unique to the 1 3 S 
transcript. The first step in generating this plasmid was 
to construct plEP2-AStu by Stu\ digestion of plEP548-2 
(grown in GM48 to prevent methylation of the Stu\ rec- 
ognition sequence) and religation. This removed the 
Ad 5 sequence between nucleotides 3157 and 5779, 
which contains twoXmal sites (at 3940 and 41 20), and 
facilitated further manipulations (below). Insertion of 
the synthetic adaptor 

S'-CCGGnAAGClTTAA 

AAnCGAAAnGGCC-5' 

at the X/nal site (nucleotide 1007) of plEP2-AStu re- 
sulted in both the disruption of the Xmal site and the 
introduction of a stop codon and a diagnostic Hin6\\\ 
site, generating plasmid plEP2-1008. 

Cells and viruses 

All tissue culture reagents were purchased from 
GIBCO Laboratories (Grand Island, NY). All growth me- 
dia were supplemented with 2 m/W glutamine and with 
antibiotics (100 units penicillin G/ml and 100 fiQ strep- 
tomycin sulfate/ml). HeLa cells were grown in mono- 
layer cultures in a-minimum essential medium supple- 
mented with 10% fetal calf serum (complete aMEM). 
The human El -expressing 293 cell line (Graham era/., 
1 977) was grown in monolayer culture in Fl 1 medium 
supplemented with 10% newbom calf serum. 

Wild-type and dl31 2 (Jones and Schenk, 1 979) Ad 5 
viruses were propagated and titrated on 293 cells. 
Plasmids containing mutated E 1 A genes were rescued 
into infectious adenovirus as described by McGrory et 
al. (1988). Briefly, 293 cells were cotransfected by the 
•calcium phosphate method (Graham and Van der Eb. 
1 973) with mutant plasmid DMAs and pJM 1 7 (a circular 
form of Ad 5 which replicates in bacterial cells due to 
insertion of pBR322 DNA into the El A region). Most 
(50 to 1 00%) of the plaques obtained after cptransfec- 
tion were recombinants, due to the size constraints 
which prevent packaging of the 40.3-kb pJM 1 7-derived 
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viral progeny. Recombinant viruses were selected and 
plaque-purified three times before being grown in large 
scale on 293 cells. 

Virus growth curves were obtained by infecting sub- 
confluent monolayers of HeLa cells with wild-type or 
recombinant virus at an m.o.i. of 10 PFU per cell. At 
various times postinfection the cells were harvested by 
scraping and combined with the spent medium. This 
crude virus stock was frozen and thawed three times 
before titrating by plaque assay on 293 cells. 

Primer extension analysis 

Total cellular RNA was isolated by the guanidinium- 
CsCI method (Ullrich era/., 1977) from 150-mm dishes 
of HeLa cells 1 2 hr after infection with wild-type or re- 
combinant virus at an m.o.i, of 30 PFU per cell. Primer 
extension experiments used an end-labeled synthetic 
oligonucleotide primer (S'-tTATCAGCGAGTACCTCT- 
3') purchased from the Central Facility of the Institute 
of Molecular Biology and Biotechnology, McMaster 
University. The primer (0.6 pmol). which hybridizes to 
nucleotides 634 to 650 of Ad 5. was annealed to 40 fig 
of RNA and extended with AMV reverse transcriptase 
(Life Sciences. St. Petersburg, FL) as described by 
Smiley ef a/. (1987). The extension products, as well as 
size markers prepared by end-labeling a mixture of 
Hintt- and W/ncll-digested pBR322. were separated by 
electrophoresis through a 4.5% polyacrylamide se- 
quencing gel for 1 .5 hr at 2000 V. The gel was then 
dried and exposed to Kodak X-Omat AR film at -70*'. 

Radioactive labeling of proteins 

Prior to P^S]methionine labeling for E1 A detection, 
HeLa cells were grown to approximately 70% con- 
fluence in 60-mm dishes, then infected at an m.o.i. of 
30 PFU per cell with either wild-type Ad 5 or one of the 
recombinant viruses. After 30 min at room tempera- 
ture, the cells were overiaid with 5 ml complete aMEM 
and incubated at 37** for the desired time. Two and 
one-half hours prior to han/est, the cells were washed 
with PBS and incubated in 3-5 ml of medium 1 99 lack- 
ing methionine and supplemented with 2% dialyzed 
fetal calf serum. ix MEM vitamin solution. 20 rr\M 
HEPES, pH 7.3. glutamine, and antibiotics (methio- 
nine-free medium). After 45 min at 37**, the medium 
was replaced with 2 ml fresh methionine-free medium 
supplemented with 30 fiCi p^S]methionine (Tran ^^S- 
label, 1000 Ci/mmol, ICN Biomedicals, Inc.. In/ine. 
CA). The cells were labeled for 1.5 hr at 37°. washed 
once with ice-cold PBS, and harvested by scraping in 
0.5 ml 50 m/W Tris-CI. pH 7.5, 150 m/W NaCI. 0.1% 
sodium dodecyisulfate (SDS). 1% sodium deoxycho- 
late. 1 % Triton X- 1 00. 35 ^g phenylmethylsulfonyi fluo- 



ride/ml. 10 fig aprotinin/ml (RlPA buffer). The extract 
was vortexed for 5-1 0 s. then centrifuged 30 min in an 
Eppendorf microfuge at 4** to pellet debris. To compare 
expression of El A to that of ElB and E2. the above 
protocol was modified as follows: 100-mm dishes of 
HeLa cells were infected for various times, labeled with 
1 50 fiCi P^SJmethionine, and han/ested in l .5 ml RlPA 
buffer. Each extract was divided into three portions for 
immunoprecipitation of the early gene products. 

For ^^P-labeling. 100-mm dishes of HeLa cells were 
infected as above, and after 15.5 hr at 37°. the cells 
were washed once with medium 199 lacking phos- 
phate, supplemented as described for methionine-free 
medium. The cells were labeled in 2 ml phosphate-free 
medium supplemented with approximately 0.5 mCi 
P^P]orthophosphate (HCI-free, carrier-free, ICN Bio- 
medicals) for 2.5 hr. then harvested in 1 ml RlPA buffer. 

Immunoprecipitation and electrophoresis 

ElA-specific proteins were immunoprecipitated 
from HeLa extracts by mixing 0.5 ml labeled cell extract 
with 1 fig of the monoclonal antibody M73 (Oncogene 
Science, Inc.. NY; Hariow et aL, 1 985) and 1 00 fil of a 
50% slurry of protein A-Sepharose CL-4B (Pharmacia 
Canada, Inc., Quebec) in RlPA bufferfoi" 2 hr at 4**. The 
Sepharose was then washed extensively in RlPA buffer 
and resuspended in 50 ^1 2x loading buffer (80 m/W 
Tris-CI, pH 6.8. 2.5% SDS, 25% glycerol. 1 /W/S-mer- 
captoethanol. 0.67 M urea. 0.001% bromphenol blue), 
boiled for 3 min, then centrifuged. Samples were imme- 
diately applied to SDS-polyacrylamide gels as detailed 
below. Other adenovirus eariy gene products were de- 
tected by immunoprecipitation (as described above) 
with mouse monoclonal antibody {H2-19. gift of S, 
Bacchetti; Branton et ai, 1 985) specific for the E2 72- 
kDa protein or with rabbit antisera raised against pep- 
tides corresponding to the C-tenninus of either the 58- 
kDa or the 19-kDa E1B product {58C-2 or 19C-24A, 
respectively, gifts of P. E. Branton). 

^^S-labeled supematants were electrophoresed at 5 
mA overnight through 0. 1 % SDS-1 0% polyacrylamide 
gels as described by Laemmli (1 970). ^^P-labeled sam- 
ples were fractionated on 12% polyacrylamide gels. 
^^C-methylated proteins (Amersham Canada, Ltd., On- 
tario) were used as markers for ^®S-labeled protein 
gels, and prestained protein molecular weight stan- 
dards (Bethesda Research Laboratories) were used to 
calibrate ^^P-labeled protein gels. ^^S-labeled proteins 
were detected by fluorography (Bonner, 1984) on un- 
flashed Kodak X-Oinat AR film and quantitated by den- 
sitometry. ^^P-!abeled proteins were detected by auto- 
radiography and quantitated by cutting out spots on 
the dried gel corresponding to ElA-specific bands, di- 
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Fig. 1 . Structures of Ad 5 and heterologous promoter plasmids. (A) The Ad 5 Xho\ C fragment (shaded region) carried by piasmid pX548c is 
depicted below, with an expanded version of the sequence near the E 1 A promoter shown above (not to scale). The Ad 5 sequence in pX548c 
differs from wild-type only by insertion of a SamHI linker (underlined) at nt 548. ONA is numbered relative to the left end of wild-type Ad 5. The 
bold horizontal arrow corresponds to the sequence and direction of transcription, and the large open arrow denotes the El A open reading 
frame. The position of the enhancer is indicated by an open box. (B) The structures of the heterologous promoters inserted at the flamHI site of 
pX548c are shown. Nucleotides are numbered with respect to the normal transcription initiation site of the given gene. The narrow horizontal 
line indicates an intervening sequence in the mature ^-actin transcript and the serum responsive element of /?-actin is indicated SRE. Closed 
vertical arrows indicate 8amH\ sites, the open vertical arrow indicates a BgiW site, and all other symbols are as described in (A) above. Mutants 
containing the /3-actin or HCMV IE promoter in the same orientation as the EIA transcription unit are designated ^548-1 and IEP548;1, 
respectively. Mutants containing promoters inserted in the opposite orientation are designated ^548-2 and IEP548-2. 



gesting them overnight at 37** in 95 parts 30% HjOj-B 
parts concentrated NH^OH. then counting in 10 vol- 
umes aqueous scintillation fluid. 

RESULTS 

Structure of recombinant plasmids and viruses 

In order to construct viruses capable of expressing 
altered levels of El A protein, two sets of El A mutants 
were generated which contained heterologous pro- 
moters inserted 5' to the El A open reading frame. The 
El A enhancer and promoter were not deleted in these 
mutants because the sequences required for virus 
packaging overlap with the enhancer (Hearing and 
Shenk, 1 986), and our objective was to rescue the mu- 
tations into intact virus. To generate our mutants, we 
utilized the piasmid pX548c. containing a fiamHI site 
between the transcription initiation site and the EIA 
coding sequence (Fig. 1A). One set of mutants was 
constructed by inserting a 1.4-kb DNA fragment con- 
taining the human ^-actin promoter. This fragment of 
the /3-actin gene (from approximately position —450 to 
+9 1 0 relative to the transcription start site) includes 
the upstream CAAT and TATA box elements, a serum 
responsive enhancer element, and intervening se- 
quence one. terminating at the splice acceptor site so 
that the normal translation start site (+9 1 7) is absent 
(Ng et ai, 1985. 1989) (Fig. IB). Plasmids were se- 
lected which carried the /3-actin promoter either in the 



same orientation as the EIA open reading frame 
(p/3548-1) or in the opposite orientation (pi8548-2). 

The second set of mutants contained the HCMV IE 
promoter sequence from -299 to +72 inserted at the 
fiamHI site of pX548c. This fragment of the promoter 
includes part of the enhancer, the CAAT and TATA box 
elements, the transcription initiation site, and 72 bp 
corresponding to the beginning of the 5' untranslated 
sequence of the 1.9-kb IE transcript (Boshart ef a/., 
1 985) (Fig. 1 B). Again, plasmids were constructed with 
the IE promoter either in the same (plEP548-1 ) or in the 
opposite (plEP548-2) orientation as the El A transcrip- 
tion unit. 

These mutations in the EIA promoter region were 
rescued into infectious adenovirus using the cotrans- 
fection method developed by McGrory ef ai (1988). 
The resulting EIA promoter-insertion viruses (/5548-1 , 
)S548-2. IEP548-1, and IEP548-2) were then analyzed 
for their ability to express EIA and to replicate in HeLa 
cells. 

Analysis of EIA transcripts 

As mentioned, all of the insertion mutants were con- 
structed such that the El A promoter was still present, 
but, relative to the heterologous promoter, distal to the 
EIA coding sequence. To determine which promoter 
was utilized in infections with recombinant virus, EIA 
transcripts were analyzed by primer extension (Fig. 2). 
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Fig, 2, Analysis of El A transcription by primer extension, RNA 
isolated from HeLa cells 1 2 hr postinfection with wild-type or mutant 
viruses was annealed to a 5' end-labeled primer (hybridizing to nts 
634 to 650 of Ad 5) and treated with reverse transcriptase as de- 
scribed under Materials and Methods. The cDNA products were 
fractionated by PAGE, The sizes (in nts) of DNA fragments used as 
markers are given on the right, and that of the predicted extension 
products on the left, at positions corresponding to their electropho- 
retic mobility. 

The 5' end of the primer used in this experiment hybrid- 
ized to nucleotide (nt) 650 of wild-type Ad 5, generating 
a 1 53-nt product in wild-type-infected cells. If the iS-ac- 
tin promoter were used in ^3548-1 infections, the ex- 
tended product should be 216 nt in length (78 nt of 
iS-actin sequence, 35 nt of polylinker (Gunning et al., 
1987), and 103 nt of El A). The major cDNA detected 
was the expected size, although smaller cDNAs were 
also observed. Utilization of the HCMV IE promoter in 
IEP548-1 -infected cells should have generated a 179- 
nt product, which again was approximately the size of 
the major cDNA species observed. Both of these re- 
combinant viruses appeared to induce a higher level of 
El A transcription than wild-type Ad 5. 

RNA isolated from cells infected with the heterolo- 
gous promoters in reverse orientation to El A 03548-2 
and IEP548-2) produced very low quantities of cDNA of 
variable size, none greater than 250 nt, and visible only 
after longer exposures than those shown in Fig. 2. Any 
transcripts initiated at the wild-type promoter and read- 
ing through the inserts would produce fairiy large ex- 
tension products with this primer (abgut 1 .6 kb for 
/8548-1 and /3548-2. and about 0.54 kb for IEP548-1 
and IEP548-2). No such products were observed with 
any sample, although conditions of the primer exten- 
sion reaction may not have favored their generation, or 



such transcripts could have been generated and sub- 
sequently spliced. We conclude from these analyses 
that the heterologous promoters were driving El A 
transcription at elevated levels in cells infected with 
^548-1 and IEP548t1 . With the reverse promoter mu- 
tants /3548-2 or I EP548-2 on the other hand, E 1 A either 
was not transcribed or was transcribed at very low lev- 
els relative to wild-type Ad 5. 

Expression of El A proteins 

El A is normally expressed eariy after adenovirus in- 
fection and maintained at a reasonably high level dur- 
ing the late phase (Nevins et ai, 1979). To establish 
whether E 1 A expression driven by the /3-actin or HCMV 
IE promoter followed the same kinetics as that under 
control of the wild-type promoter, El A protein synthe- 
sis in cells infected with recombinant viruses was de- 
termined as a function of time postinfection. In the first 
set of experiments, extracts were prepared from HeLa 
cells labeled with p^S] methionine at various times after 
inifection witfx wild-type, IEP548-1, or1EP548-2, El A 
proteins were immunoprecipitated and analyzed by 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
as described under Materials and Methods. The 7-day 
exposures of the gels are shown in Fig. 3A, The time 
course of El A expression in IEP548-1 infections paral- 
leled that in wild-type infections, but levels of El A pro- 
tein were approximately threefold higher in mutant 
virus infections (Fig. 3B), No El A products were de- 
tected in extracts from cells infected with IEP548-2 un- 
til about 1 8-24 hr postinfection, at which time very low 
levels were produced. Similar results were obtained 
when infections with recombinant viruses containing 
the ^-actin promoter were examined (a 3-day exposure 
of the gel is shown in Fig. 3A; the wild-type infections 
from this experiment are not shown, but are qualita- 
tively similar to those of the previous experiment). 
^548-1 induced three times the level of ElA proteins 
when compared to wild-type, and no El A protein was 
detected in i8548-2 infections (Fig, 3C). These experi- 
ments were repeated several times and in each case, 
cells infected with the forward promoter mutants ex- 
pressed elevated levels of ElA protein with kinetics 
similar to that of cells infected with wild-type Ad 5. El A 
protein was never detected in infections with /5548-2 
and was detectable only in trace amounts with IEP548- 
2, at late times and only in some experiments. 

Analysis of replication of mutant viruses 

Since infections with /3548-1 and IEP548-1 viruses 
resulted in overproduction of El A proteins, and those 
with i8548-2 and IEP548-2 viruses resulted in little 
(HCMV IE) or no (i3-actin) El A protein synthesis, it was 
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Fig. 3. Time course of E 1 A expression in infected HeLa cetls. (A) At various times postinfection, HeLa cells were labeled with p^Slmethionine 
and han^sted as described under Materials and Methods. Extracts were immunoprectpitated with M73 antibody and the resulting E 1 A proteins 
separated by SDS-PAGE. Molecular weights of markers are given in kilodaltons at the left The times at which cells were harvested, in hours 
postinfection, are given above each autoradiograph. The time course of El A expression in cells infected with viruses containing the HCMV IE 
promoter was detemiined in a separate experiment (7-day exposures of the gets are shown) from that in cells infected with viruses containing the 
/5-actin promoter (a 3-day exposure of the gel is shown). Only the expression of El A in wild-type-cnfected cells from the former experiment is 
given. (B. C) Approximate amounts of El A proteins produced during the time course were determined by densitometric scanning of the 
autoradiographs shown in (A) (and also that from the wild-type infections carried out concun-ently with the ^-actin promoter mutant infections) 
and subtracting the background absorbance detected in immunoprecipitations of mock-infected c^l extracts. AU. absortjance units. (B) Absor- 
bance of E 1 A-specific Ijands in the autoradiograph produced by exposing the film for 7 days to immunopredpitated proteins from wild.type Ad 5- 
(A). IEP548- 1 - (0), and 1EP548-2- (♦) infected cell extracts. (C) Absortjance of E t A-specific bands in the autoradiograph after a 3-day exposure to 
immunoprecipitates from wild-type Ad 5- (A). /J548-1- (□). and /J548-2- (■) infected cell extracts. 
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TABLE 1 

PiAQUE Titration of Wild-Type amo Recombinant Virus 



Infectiviiy (PFU/ml) 



Virus 
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Wild-typ6 


4.4 X 1 0 
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dl312 


1.2 X 10'** 


6.0 X 10* 


5.0 X 10-* 


IEP2-1008 


3.0 X 10' 


2.4 X 10* 


8.0 X 10-^ 


Expt 5 








Wild-type 


1,7 X 10*° 


1.4 X 10'° 


0.82 


dI312 


2.0 X 10*° 


2,4 X 10* 


1.2 X 10-^ 


/5548-1 


1.2 X 10' 


2.3 X 10' 


1.9 


/5548-2 


2.9 X 10' 


1,1 X 10' 


0.38 


IEP548-1 


1.4 X 10' 


2.8 X 10' 


2,0 


IEP548-2 


6.3 X 10' 


6.5 X 10' 


1.0 


IEP2-1008. 


8.5 X 10' 


7.6 X 10* 


8.9 X 10-" 



of interest to examine the relative ability of these vi- 
ruses to replicate in 293 ceils and HeLa cells. Initially 
replication of the nnutant viruses was assessed by 
plaque titration on the two ceil types (Table 1 ). Al- 
though there was some variation in the results of four 
independent experiments, viruses containing the heter- 
ologous promoters in the forward orientation 03548-1 
and IEP548-1 ) were usually about as proficient as wild- 
type Ad 5 for replication in HeLa cells. Surprisingly. 
IEP548-2, which did not express detectable E1A 
mRNA by primer extension analysis and only trace 
amounts of El A proteins by immunoprecipitation of 
P^SJmethionine-labeled extracts, was nonetheless ca- 
pable of plaquing on HeLa cell monolayers at or near 
wild-type levels. Replication of /5548-2 in HeLa cells 
was slightly reduced compared to wild-type, but was 
1000-fold greater than replication of dl312, a mutant 
virus lacking the entire El A coding sequence (Jones 
and Shenk, 1979), 

The rates of virus production in HeLa cells infected 
with wild-type or mutant viruses were determined by 



one-step growth analysis (Fig, 4). In these experi- 
ments, both forward and reverse jS-actin promoter mu- 
tants were indistinguishable from wild-type in their abil- 
ity to replicate. Replication of the IEP548-1 virus con- 
sistently lagged slightly behind wild-type replication at 
early times postinfection; however, in most experi- 
ments the delay was less pronounced than that shown 
in Fig. 4. The reverse promoter mutant IEP548-2. on 
the other hand, was equal to wild-type virus in produc- 
tion of viral progeny in infected HeLa cells. The behav- 
ior of the i3548-2 and IEP548-2 mutants was in marked 
contrast to results of infection with the dl312 virus, 
which showed no significant replication in HeLa cells 
at an input m.o.i. of 1 0 PFU per cell. Thus we conclude 
that, despite our inability to detect significant levels of 
El A mRNA or proteins, the reverse promoter mutants 
were as proficient as wild-type virus in ability to repli- 
cate in HeLa cells. 

To determine whether this result was due to synthe- 
sis of El A sufficient for wild-type levels of transactiva- 
tion yet insufficient for detection by primer extension 
analysis or routine immunoprecipitation, an additional 
adenovirus mutant, IEP2-1008, was constructed (see 
Materials and Methods). This virus was identical to 
IEP548-2 except that an oligonucleotide linker contain- 
ing a stop codon was inserted between nts 1 007 and 
1008 to truncate any 13 S El A products which might 
be synthesized. Such a mutation would have no effect 
on the 1 2 S products since that sequence would be 
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Fig. 4. WiW-type and mutant virus growth curves in HeLa cells. 
HeLa cells were infected with wild-type or mutant Ad5 viruses, and 
at various times after infection cells were harvested and titrated on 
293 cells as described under Materials and Methods. Wild-type Ad 5 
(A). dl3l2 (A). /J548-1 O. /5548-2 {■). IEP548-1 (0). IEP548-2 (♦). 
IEP2-1008{X). 
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Fig. 5. Immunoprecipitation of ^^P-labe!ed infected HeLa extracts. 
HeLa cells were infected with wild-type or mutant viruses, labeled 
with p2p]orthophosphate (600 tiCl per dish, for lanes 1 -6; or 400 //Ci 
per dish, for lanes 7- 1 2). then harvested. E 1 A proteins were immun- 
oprecipitated and separated by SOS-PAGE as described under Ma- 
terials and Methods Oanes 3, 5, 8. and 10 were exposed for 4-5 hr; 
other lanes were exposed for 18-20 hr). Molecular weight marker 
sizes (in kilodaltons) are listed to the left and right of the autoradio- 
graph. 



spliced out of the 1 2 S transcript. When the IEP2-1008 
virus was tested for replication in HeLa cells, it was 
found to replicate very poorly (Fig, 4 and Table 1 . Ex- 
periments 4 and 5). suggesting that replication of the 
i3548-2 and IEP548-2 viruses was due to expression of 
functional 1 3 S products, even if at levels undetectable 
on gels. 

Analysis of phosphorylated El A proteins 

In an anempt to increase the sensitivity of El A pro- 
tein detection in and IEP548-2-infected cells, 
we examined E1A synthesis by immunoprecipitating 
^2p-labeled El A proteins. With this label backgrounds 
are very low even with long exposures of the gel, pre- 
sumably due to the limited number of phosphorylated 
proteins in infected cells which coprecipitate nonspe- 
cifically with E 1 A. Extracts from HeLa cells labeled with 
P^PJorthophosphate 18 hr after mock infection or in- 
fection with wild-type Ad 5. j8548-1. or /3548-2 were 
immunoprecipitated and fractionated by SDS-PAGE 
(Fig. 5, lanes 1-6). Vinjses containing the HCMV IE 
promoters were treated in the same way in a separate 
experiment (Fig. 5, lanes 7-12). Autoradiography of 
the gels clearly shows that, as was the case in the 
P^S]methionine-labeling studies, phosphorylated 
forms of El A protein were overproduced in cells in- 
fected with /8548-1 and IEP548-1. Long exposure of 
the gels revealed a trace amount of El A protein pro- 
duced in ^548-2-infected cells. El A proteins were 
more readily detected in IEP548-2-infected cells, al- 
though at least some of these species seemed to have 
shifted slightly in mobility with respect to wild-type Ad 5 



and the toward promoter mutants (compare lane 1 1 to 
lanes 5 and 7 through 10). The IEP2-1008 infection 
produced at least four proteins (most likely 1 2 S and 1 0 
S products) which were expressed at about the same 
level as. and which comigrated with, proteins from 
IEP548-2 infections (lane's 12 and 11. respectively). 
Neither the truncated 13 S products from IEP548-2 
infection nor the 9S product from any infection would 
have been precipitated in this experiment, due to the 
specificity of the M73 antibody for El A carboxy ter- 
mini. 

Quantitation of phosphorylated El A species (Table 
2) revealed that they were overproduced by 2.4- to 1 0- 
fold in IEP548-1 infections, and by 3- to 5-fold in /S548- 
1 infections with respect to wild-type. El A expression 
in IEP548-2 infections was reduced about 8-fold with 
respect to wild-type in Experiment 2. Although the 
/8548-2 mutant apparently produced a very small 
amount of El A protein (as detected by visual examina- 
tion of the autoradiograph). the amount of radioactivity 
in the El A bands was not significantly above back- 
ground. We conclude from these results that, although 
both the /9548-2 and the IEP548-2 reverse promoter 
mutants were producing functional El A protein, this 
was at levels at least 8-fold lower than wild-type Ad 5, 
and at least 20- to 40-fold lower than the mutants with 

TABLE 2 

Quantification of ^^P-Labeleo El A iMMUNOPRECiprrATEo from 
Infected HeLa Extracts 



E 1 A protein Percentage of wild-type 

(cpmr El A protein 



Expt 1* 



Wild-type 


2520 


(100) 


/J548-1 


7230 


290 


/J548-2 


<180 


<7 


Expt 2 






Wild-type 


2600 


(100) 


IEP548-1 


6160 


240 


IEP548-2 


340 


13 


IEP2-1008 


210 


8 


Expt 3 




Wild-type 


511 


(100) 


/J548-1 


2700 


530 


/J548-2 


<180 


<35 


IEP548-1 


5200 


1000 


IEP548-2 


<180 


<35 


IEP2-tO08 


<180 


<35 



* The amount of radioactivity in the lane containing the mock infec- 
tion sample (350 cpm for Experiment 1 . 450 cpm for Experiment 2. 
and 500 cpm for Experiment 3) was subtracted from the amount of 
radioactivity in lanes containing the other samples, 

* Experiments 1 and 2 are described in the legend to Fig. 5. Experi- 
ment 3 was performed in exactly the same manner, labeling with 0.5 
mCi pPJorthophosphate per dish. 
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the corresponding promoters in the forward orienta- 
tion. 

Analysis of other early gene products 

Our finding that the reverse orientation promoter 
mutants J3548-2 and IEP548-2 produced very little El A 
protein but were capable of replicating in HeLa cells at 
wild-type levels suggested that, in wild-type infections, 
El A proteins are produced in excess of the amounts 
required for viral replication. It was not apparent 
whether the low levels of El A produced in /3548-2 and 
IEP548-2 infections were sufficient to induce wild-type 
levels of early gene expression and thus high levels of 
viral replication as well, or if transactivation of other 
eariy genes in j3548-2 and IEP548-2 infections was re- 
duced but still sufficient for induction of replication. To 
distinguish between these two possibilities. HeLa cells 
were infected for various times with either wild-type Ad 
5 or one of the heterologous promoter mutants, then 
analyzed for expression of the ElB 58-kDa, ElB 19- 
kDa. and the E2 72-kDa. proteins as well as for expres- 
sion of El A. In an experiment comparing early gene 
expression in IEP548-1 and wild-type infections to that 
in /3548-2 and IEP548-2 infections, we found the level 
of both the E2 and E1 B proteins to be high regardless 
of the level of El A expression {Fig. 6). In fact, quantita- 
tion of the autoradiographs shown in Fig. 6 revealed a 
comparable amount of E2 72-kDa present in cells in- 
fected with IEP548-1 and IEP548-2 despite a differ- 
ence of at least 25-fold in El A expression . (Table 3). 
Although the levels of both ElB proteins in the reverse 
promoter mutant infections were nearly the same as 
those in wild-type infections. ElB proteins were signifi- 
cantly reduced in infections with the fonward orienta- 
tion HCMV IE promoter mutant. In a similar experiment 
comparing j3548-l to wild-type. iS548-2. and IEP548-2. 
the results were essentially the same; however, the 
levels of El B 58 and 1 9-kDa in /3548-1 infections were 
not reduced to as great an extent as in 1EP548-1 infec- 
tions (Table 3). Although subsequent experiments 
have shown this reduction in ElB 58- and 1 9-kDa ex- 
pression to be reproducible in cells infected with El A- 
overproducing mutants, the reason for the reduction is 
not known at this time. It is possible that the high de- 
gree of transcriptional activity of the El A gene some- 
how reduced the activity of the ElB transcription unit; 
however, in infections with IEP648-1 and i3548-l this 
low level of ElB expression apparently had no detri- 
mental effect on replication. Nevertheless, it is clear 
from these data that mutants producing very low levels 
of El A protein were capable of transactivating other 
eariy genes to the same, or neariy the same, extent as 
wild-type virus. 
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Bg. 6. Time course of early gene expression in infected HeLa 
cells. At 12. 18. and 24 hr postinfection. p^Slmethionine-labeled 
HeLa cell extracts were prepared as described under Materials and 
Methods. El A, ElB 58-kDa. ElB 1 9-kDa. and E2 72-kDa proteins 
were immunoprecipitated with M73. 58C-2. 19C-24A, and H2-19 
antibodies, respectively, then separated by SOS-PAGE. Molecular 
weights of markers are given in kDa at the right. The autoradiograph 
in the top right panel was exposed to the gel for five times longer 
than that shown in the top left panel. 



DISCUSSION 

We have constructed mutant adenoviruses by in- 
serting strong heterologous promoters, derived either 
from the human /3-actin gene or from the IE region of 
human cytomegalovirus, into a site upstream of the 
El A coding sequence. The jS-actin promoter has 
previously been shown in transient expression assays 
to direct expression of the bacterial chloramphenicol 
acetyltransferase gene at levels equal to or higher than 
does the SV40 early promoter in a wide variety of cell 
types (Gunning et al., 1987; Sugiyami et a/., 1988). 
Consistent with these results, we have found this pro- 
moter capable of directing El A production at levels 
three to five times higher than does the wild-type Ad 5 
promoter, not only in HeLa cells as described here, but 
also in 293 and primary baby rat kidney (8RK) cells 
(unpublished results). In addition, we have shown that 
the HCMV immediate early promoter, reported to be 
several-fold stronger than the SV40 promoter (Boshart 
era/.. 1985). was considerably more active than the 
wild-type El A promoter at driving El A expression in 
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TABLE 3 

Early Gene Expression in HeU Cells Infected with Wild-Type or Mutant Viruses 



Protein expression level* 





El A total 




El 8-58 kOa 


E1B-I9k0a 


E2-72 kOa 




Virus Experiment: 


1 


2 


1 


2 


1 


2 


1 


2 


Wild-type Ad 5 
12 hr pj. 
18 hr p.i. 
24 hr p.i. 


0,28 
0-45 
1.0 


0,19 
0.37 
1.0 


0.10 
0.56 
1.0 


0.11 
0.45 
1.0 


0.50 

1.3 

1-0 


0.20 

1.1 

1.0 


n 1 n 
0.71 
1.0 


n n'x 

U.UO 

0.51 
1.0 


/J548-1 
12 hr p.i, 
18 hr p.i. 
24 hr p.i. 


ND^ 

HO 

NO 


0,17 

1.5 

1,8 


NO 
NO 
NO 


0.06 
0.17 
0.44 


NO 
NO 
NO 


<0.05 
0,56 
0.85 


Kin 

ND 
NO 


U.Uo 

0.25 
0.38 


/3548-2 
12 hr p.i. 
18hr p.i. 
24 hr p.i. 


<0.11 
<0,11 

<o,n 


<0.10 
<0.10 
<0.10 


0.04 
0.35 
1.1 


0.11 
0,31 
0,74 


0.05 
0.78 
1.9 


0.15 
0.70 
1.4 


U.U 1 
0.08 
0.42 


U.U 1 

0.10 

0.35 


IEP548-1 
12hr pJ, 
18 hr p.i, 
24 hr p.i. 


2.2 
2.8 
2.8 


ND 
NO 
ND 


0.01 
0.02 
0.06 


NO 
NO 
NO 


<0.05 
0.11 
0.32 


NO 
ND 
NO 


0.02 
0.11 
0-34 


NO 
NO 
NO 


IEP548-2 
12hr p,i, 
18hrp.i. 
24 hr p.i. 


<o.n 

<0.11 
<0.11 


<0.10 
<0.10 
<0.10 


0.20 
0,53 
1.4 


0-20 
0.85 
1.0 


0-37 

1.4 

1.5 


0.30 

1.1 

0.93 


0.004 

0.04 

0.26 


0.01 
0.19 
0,19 



• The levels of gene expression were determined by densitometric scanning of the autoradlographs shown in Fig. 6 (Experiment 1) and a 
similar experiment in which early gene expression in ^48-1 infected cells was also analyzed (Experiment 2). All values were normalized to the 
amount of the given protein expressed at 24 hr postinfection with wild-type Ad5 virus. 

* Not determined. 



HeLa cells, as well as 293 and BRK cells (latter data not 
shown). The full spectrum of El A proteins displayed in 
wild-type Ad 5-infected cells was detected in cells in- 
fected with these mutant viruses, indicating that the 
increased level of E 1 A transcription driven by the heter- 
ologous promoters did not alter the normal patterns of 
alternative splicing of the El A transcript or the post- 
translational modification of El A proteins. 

In our experiments, the increase in production of 
El A proteins reflected an equivalent increase in ex- 
pression of El A at the transcriptional level. These re- 
sults are quite different from those described by Sol- 
nick (1 983) who found that when E 1 A was under con- 
trol of the Ad 2 major late promoter (MLP). El A 
transcription was enhanced 20- to 100-fold but El A 
proteins were expriessed at wild-type levels. The tran- 
script encoding E 1 A, in that case, was actually a hybrid 
mRNA, the 5' end of which was derived from the Ad 2 
late leader sequence. The difference between Sol- 
nick's results and our own could possibly reflect a dif- 
ference in translation efficiencies of transcripts con- 
taining- /3-actin. HCMV IE. or Ad 2 late leader se- 
quences at the 5' end. Alternatively, some translational 



or post-translational control of El A production may be 
active late in infection, at which time the MLP-directed 
El A product was expressed. The iS-actin and HCMV IE 
promoters were shown to function eariy after infection, 
and thus would not have been subject to such regula- 
tion. 

The overexpression of El A gene products in /3548-1 
and 1EP548-1 infections apparently did not lead to any 
alteration in the kinetics of replication in HeLa cells, 
indicating that El A proteins may not be a limiting factor 
in wild-type virus replication. Evidence suggesting that 
El A is produced in wild-type infections at a level ex- 
ceeding that required for replication has also been re- 
ported by Osborne et ai (1982). who found that mu- 
tants lacking the El A TATA box and the entire 5' un- 
translated sequence expressed 5- to 1 0-fold reduced 
levels of El A mRNA. but were fully capable of replicat- 
ing in HeLa cells. Our mutants containing heterolo- 
gous promoters in reverse orientation to the El A tran- 
scription unit have allowed us to further extend those 
results. We were unable to detect E1 A expression re- 
producibly either by primer extension of RN A or by im- 
munoprecipitation of p^Slmethionine-labeled protein 
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from cells infected with these viruses. Nonetheless, 
growth curves for mutant virus replication in HeLa cells 
were indistinguishable from wild-type. Only in immuno- 
precipitations of p^P]phosphate-labe!ed extracts from 
infection with one of the reverse promoter mutants 
(IEP548-2) was any E 1 A detected, albeit at levels 8-fold 
lower than in wild-type infections and 20-fold lower 
than in infections with the mutant containing the 
HCMV IE promoter in the same orientation as the El A 
transcription unit. The level of El A protein produced 
after infection with the reverse iS-actin promoter mutant 
was reduced more than 1 4-fold with respect to wild- 
type and greater than 40-fold when compared to the 
forward )3-actin promoter insertion mutant It is clear 
from these results that viral replication in HeLa cells 
requires only a very low level of E 1 A expression, in fact, 
a level undetectable by most routine analyses. The ca- 
pacity of reverse orientation promoter mutants to repli- 
cate does not appear to be limited to infection of HeLa 
cells, since the viaises are also replication proficient in 
BRK cells and the normal human diploid fibroblast line 
fy/IRC5 (unpublished observations). 

Our analysis of viral early gene expression in cells 
infected with reverse promoter mutants suggests that 
even greatly reduced levels of El A protein are suffi- 
cient for wild-type levels of transactivation. which pre- 
sumably leads to wild-type levels of viral replication. 
That replication with reverse orientation mutants was 
indeed dependent on transactivation by residua! El A 
protein was indicated by our results with a double mu- 
tant containing a termination in the 1 3 S mRNA. Our 
results on early gene expression are somewhat unex- 
pected in light of a recent report by Brunet and Berk 
(1988) who found a direct relationship between El A 
expression levels and early gene transcription. One 
possible reason for this discrepancy is that we have 
examined early gene expression at the protein level 
rather than at a transcriptional level, and the two may 
not give similar results. Alternatively, their study may 
have involved levels of El A expression even lower than 
those we have obtained, thus within a linear range for 
transactivation of early gene transcription. Nonethe- 
less, in our hands, low levels of El A expression were 
sufficient both to transactivate adenovirus early genes 
and to induce viral replication at wild-type levels. 

Our conclusions have been drawn by comparing 
overall levels of El A proteins among the different re- 
combinant viruses. These proteins are very heteroge- 
neous and it is possible that only a small population of 
El A proteins actually function in replication. The levels 
of functional E l A proteins may not differ substantially 
with the different mutant viruses, if. for example, a mod- 
ification is required to generate functional El A and the 
modification is rate limited by a cellular function, so 



that increasing the concentration of El A proteins does 
not increase the amount of functional species. This 
possibility cannot be confirmed or excluded until the 
individual functions of the various El A species have 
been unambiguously determined. 

These observations provide a cautionary note to in- 
terpretation of results of studies with El A mutants. 
Since the levels of wild-type El A proteins can be re- 
duced by as much as 1 0- to 20-fold without diminish- 
ing replication in HeLa cells, it is possible that El A 
mutants scored as wild-type in their ability to replicate 
could have as little as 5-10% of wild-type El A activity. 
By the same token, one is led to conclude that host 
range mutants isolated on the basis of their inability to 
replicate in HeLa cells must be severely reduced either 
in the levels of El A expression or the activity of the 
mutant El A proteins. 
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